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PREFACE. 


EXACTLY  ten  years  have  elapsed  since  the  preface  to  the 
first  edition  of  this  book  was  written — a  decade  which 
has  seen  a  vast  development  in  the  applications  of  elec- 
tricity to  industrial  purposes,  and  the  springing  up  in  all 
parts  of  the  kingdom  of  Technical  Schools  and  Colleges 
where  much  attention  is  devoted  to  the  study  of  electro- 
technics.  Hence,  to-day  it  is  far  more  easy  for  a  student 
to  connect  his  experimental  apparatus  with  the  electric 
light  mains  and  use  a  comparatively  large  current  at  a 
pressure  of  100  volts,  than  it  was  in  1886  to  obtain  a 
small  current  at  a  much  lower  pressure  from  the  battery 
which  he  had  to  set  up  for  the  purpose.  This  possibility 
of  carrying  out  the  experiments  on  a  larger  scale  has  led 
to  considerable  simplification  in  certain  cases ;  for  ex- 
ample, in  experimentally  determining  the  heat  equivalent 
of  electric  energy,  it  is  no  longer  necessary  to  distract 
the  beginner's  attention  with  a  variety  of  corrections 
for  the  loss  of  heat,  &c. 

After  many  issues  of  the  book  had  appeared  in  its 
original  form,  it  seemed  desirable  to  bring  it  up  to  date ; 
and  since  the  practice,  not  unfrequently  resorted  to  by 
writers,  of  inserting  a  number  of  new  patches  in  an 
antiquated  ground  work,  would  be  out  of  place  in  a  book 
which  had  been  written  to  aid  electrotechnical  teaching 
and  not  for  purposes  of  profit,  a  proposition  was  made 
to  entirely  rewrite  it.  This  the  publishers  accepted ; 
and,  guided  by  the  success  which  the  book  had  achieved, 
they  generously,  and  I  anticipate  wisely,  modified  the 
arrangements  so  as  to  justify  my  devoting  a  large  amount 
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of  time  to  the  preparation  of  what  in  reality  is  an 
entirely  new  book,  although  called  by  its  old  title 
"  PRACTICAL  ELECTRICITY." 

The  reception  of  the  first  edition  took  me  by  surprise. 
I  anticipated  that  the  book  would  be  regarded  as  "  faddy," 
and  that  the  critics,  while  admitting  that  perhaps  it 
would  do  well  enough  for  my  own  classes,  would  not 
recommend  its  use  for  students  in  general.  It  did  not 
occur  to  me  that  the  world  was  ready  for  using  such 
a  text-book  and  prepared  to  adopt  the  methods  of 
teaching  advocated  in  its  pages.  To-day,  however, 
the  following  reasons  suggested  in  the  original  preface 
for  even  elementary  students  of  electricity  spending 
much  time  in  the  laboratory  would  be  advanced  by 
many  teachers : — 

"  One  of  the  great  difficulties  experienced  by  people  in 
mastering  the  quantitative  science  of  electricity,  arises 
from  the  fact  that  we  do  not  number  an  electrical  sense 
among  our  other  senses,  and  hence  we  have  no  intuitive 
perception  of  electrical  phenomena.  During  childhood 
we  did  not  have  years  of  unconscious  experimenting 
with  electrical  forces  as  we  had  with  the  forces  connected 
with  the  sensations  of  heaviness  and  lightness,  loudness 
and  softness,  heat  and  cold.  Beyond  a  shock  or  two 
taken  perhaps  from  some  medical  galvanic  apparatus,  or 
from  a  Leyden  jar,  our  senses  have  never  been  affected 
by  electrical  action,  and  hence  we  ought  to  begin  the 
study  of  electricity  as  a  child  begins  its  early  education. 
Quite  an  infant  has  distinct  ideas  about  hot  and  cold, 
although  it  may  not  be  able  to  put  its  ideas  into  words, 
and  yet  many  a  student  of  electricity  of  mature  years 
has  but  the  haziest  notions  of  the  exact  meaning  of  high 
and  low  potential,  the  electrical  analogues  of  hot  and 
cold.  That  it  is  desirable  that  students  should  learn 
physics,  as  they  learn  to  ride  the  bicycle,  by  experiment- 
ing themselves,  is  now  generally  admitted,  and  this  is 
especially  true  in  the  case  of  electricity,  since  it  is  by 
experimenting,  and  only  by  experimenting,  that  a  student 
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can  obtain  such  a  real  grasp  of  electricity  that  its  laws 
become,  so  to  say,  a  part  of  his  nature." 

"  Hence,  in  the  courses  of  electricity  which  I  arranged 
at  the  City  and  Guilds  of  London  Technical  College, 
Finsbury,  and  at  their  Central  Technical  College,  Ex- 
hibition Road,  for  every  hour  that  a  student  spends  at 
lecture,  he  spends  several  in  the  laboratory." 

When  I)r.  Hopkinson  this  year,  1896,  in  his 
Inaugural  Address  as  President  of  the  Institution  of 
Electrical  Engineers,  advocated  commencing  the  study 
of  electricity  with  the  electric  current,  more  than  one 
teacher  testified  to  the  value  of  the  method  by  claiming 
it  as  his  own,  apparently  forgetful  that  when  this  order 
of  treating  the  subject  was  introduced  by  the  author  in 
1879  there  was  no  precedent  for  such  an  innovation. 
Indeed,  when  even  seven  years  later  there  appeared  the 
first  edition  of  "  PRACTICAL  ELECTRICITY  "  it  was  thought 
advisable  to  introduce  the  method  by  inserting  the 
following  explanatory  paragraphs  : — 

"  Readers  who  have  been  accustomed  only  to  the  ordi- 
nary books,  commencing  with  certain  chapters  on  statical 
electricity,  continuing  with  one  or  more  on  magnetism, 
and  ending  with  some  on  current  electricity,  will  be 
surprised  at  the  arrangement  of  the  subjects  in  this 
book,  and  will  probably  be  astonished  at  what  they  will 
condemn,  at  the  first  reading,  as  a  total  want  of  order. 
But  so  far  from  the  various  subjects  having  been  thrown 
together  hap-hazard,  the  order  in  which  they  have  been 
arranged  has  been  a  matter  of  the  most  careful  considera- 
tion, and  has  been  arrived  at  by  following  what  appears 
to  me  to  be  the  natural  as  distinguished  from  the  scho- 
lastic method  of  studying  electricity.  I  have  endeavoured 
to  treat  the  subject  analytically  rather  than  synthetically, 
because  that  race  of  successful  experimental  philosophers 
— children — adopt  this  method. 

"For  example,  it  is  not  by  studying  geometrical  optics, 
much  less  physical  optics,  that  an  infant  gradually  learns 
to  appreciate  the  distance  of  objects ;  and  later  on  it  is 
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not  by  studying  a  treatise  on  struts,  nor  by  listening  to 
a  course  of  lectures  on  structures,  that  the  child  finds 
out  that  the  table  has  legs,  hard  legs,  round  legs.  Feeling, 
looking,  trying,  in  fact  a  simple  course  of  experimental 
investigation,  gives  a  child  its  knowledge;  and  this,  there- 
fore, I  venture  to  think,  is  the  method  we  should  adopt 
when  commencing  the  study  of  electricity." 

"The  subject  of  current  is  treated  first,  because 
in  almost  all  the  industries  in  which  electricity  is  prac- 
tically made  use  of,  it  is  the  electric  current  that  is 
employed  ;  also,  because  currents  can  be  compared  with 
one  another,  and  the  unit  of  current  (the  ampere) 
defined,  without  any  knowledge  of  potential  difference 
or  resistance.  Potential  difference  is  next  considered, 
and  resistance  the  last  of  the  three,  because  the  very 
idea  of  resistance  implies  a  previous  acquaintance  with 
the  ideas  of  current  and  potential  difference,  since  the 
resistance  of  a  conductor  is  the  name  given  to  the  ratio 
of  the  potential  difference  (measured  electrostatically} 
between  its  terminals  to  the  current  passing  through  it. 
And  it  is  Ohm's  experimental  proof  that  this  ratio  was 
constant  for  a  given  conductor  under  given  conditions, 
together  with  the  numberless  experimental  verifications 
that  this  conclusion  has  received,  that  has  led  -to 
resistance  gradually  coming  to  be  considered  as  a  fixed 
definite  property  of  a  given  conductor  like  its  weight 
or  length." 

The  international,  or  Board  of  Trade,  unit  of  P.D. — • 
the  volt — cannot,  however,  be  defined  until  the  definition 
,  of  the  unit  of  resistance — the  ohm — has  been  fixed,  be- 
*cause  for  legal  purposes  the  units  of  current  and  resist- 
ance have  been  taken  as  the  primary  ones,  and  Ohm's  law 
has  been  employed  to  fix  the  third  or  derived  unit — viz. 
that  of  P.D.  Hence,  the  actual  sequence  adopted  in 
the  present  volume  is  (1)  current  and  the  ampere ;  (2) 
the  relative  measurement  of  P.Ds.  with  a  zero  electro- 
Astatic  voltmeter  ;  (3)  Ohm's  law ;  (4)  resistance,  and  the 
ohm ;  (5)  the  volt,  and  current-voltmeters.  Electric 


PREFACE.  IX 

energy  and  power,  with  their  units — the  joule  and  the 
watt — are  next  treated ;  and,  lastly,  the  conception  of 
the  E.M.F.  in  a  circuit,  and  the  necessity  for  the  E.M.F. 
of  a  good  cell  being  constant,  are  derived  from  the 
laws  of  energy. 

It  should  be  obvious  that  any  method  of  trying  to 
experimentally  prove  Ohm's  law  with  a  current- volt- 
meter, such  as  may  be  found  in  certain  text-books,  begs 
the  question.  If  a  voltmeter  be  used  it  must  be  of  the 
electrostatic  type,  and  to  simplify  the  definition  of  one  P.D. 
being  twice  another  this  electrostatic  voltmeter  should 
be  a  zero  instrument,  which,  without  the  need  of  any 
independent  electrification,  would  be  suitable  for  meas- 
uring P.Ds.  no  larger  than  those  commonly  employed 
in  laboratories  for  sending  currents.  Such  an  instru- 
ment I  have  long  felt  the  need  of,  and  now — thanks  to 
the  ingenuity  of  Mr.  Mather — it  is  available  for  use, 
and  will  be  found  described  for  the  first  time  in  pages 
163-166  of  the  present  volume. 

It  will  be  observed  that  the  apparatus  required  for 
each  experiment  is  mounted  complete  on  a  board.  This  is 
to  enable  it  to  be  easily  carried  backwards  and  forwards 
between  the  laboratory  and  the  lecture-room  without 
disarranging  it.  At  first  sight  it  might  appear  that  the 
student,  finding  each  set  of  apparatus  joined  up  quite 
complete,  with  current  laid  on  all  ready  for  carrying 
out  the  experiment,  would  be  deprived  of  all  incentive 
to  exercise  his  own  ingenuity  in  overcoming  experi- 
mental difficulties,  and,  therefore,  would  fail  to  acquire 
habits  of  self-reliance.  For  first  year  students,  however^ 
I  have  found  it  a  good  plan  to  have  each  set  of  apparatus 
complete  in  position ;  firstly,  because  it  is  only  with 
some  such  arrangement  that  fifty  or  more  students  can 
commence  work  almost  simultaneously,  and  in  the  course 
of  two  or  three  hours  have  all  performed  some  quantita- 
tive experiment ;  secondly,  because  when  the  apparatus  is 
so  arranged  that  even  beginners  can  perform  several 
experiments  successfully,  they  acquire  faith  in  the 
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possibility  of  success,  and  are  less  discouraged  with  the 
difficulties  they  subsequently  meet  with  when  selecting 
and  arranging  the  apparatus  for  conducting  some 
investigation. 

The  practical  side  of  electricity  has  grown  so  rapidly 
that  the  original  single  volume  has  expanded  into  two. 
The  present  Volume  I.  of  the  rewritten  book  is  intended 
to  assist  students  in  acquiring  experimentally  an  exact 
working  knowledge  of  current,  difference  of  potentials, 
resistance,  energy,  and  power,  with  their  electric  trans- 
mission, cells  and  their  cost  of  working.  This  subject 
of  the  cost  of  converting  chemical  energy  into  electric 
energy  is  not,  as  far  as  I  am  aware,  to  be  found  in  any 
text-book.  Hence,  in  view  of  the  "  booms  "  in  prirnar}7 
batteries,  which  appear  to  be  periodic,  the  question  of 
cost  has  been  entered  into  in  considerable  detail. 

The  past  four  years  have  seen  the  legalisation  in 
several  countries  of  an  international  system  of  electrical 
units,  so  that,  while  the  units  of  length,  volume,  mass, 
and  money  vary  from  country  to  country,  there  is  now 
but  one  ampere,  one  ohm,  and  one  volt  throughout  the 
whole  world  ;  a  fact  of  which  electrical  engineers  may 
feel  justly  proud.  Some  thirty  pages  at  the  end  of  the 
book  are,  therefore,  devoted  to  "  A  Short  History  of  the 
Absolute  Unit  of  Resistance,  and  of  the  Electrical 
Standards  of  the  Board  of  Trade." 

In  spite  of  the  fact  that  the  present  Volume  I.  con- 
tains some  140  pages  more  than  the  original  book,  the 
subjects  of  secondary  cells,  electric  quantity,  coulomb- 
meters,  capacity,  &c.,  have  had  to  be  left  for  a  second 
volume.  This  has  arisen  not  merely  from  primary  cells, 
including  dry  cells  and  the  Clark's  standard  cell,  having 
been  treated  somewhat  fully,  but  from  the  subjects  of 
electric  energy  and  power,  the  various  meters  used  for 
measuring  these  quantities,  the  efficiency  of  electric 
transmission,  the  ratio  of  the  power  received  to  the 
maximum  power  receivable  in  various  cases  of  trans- 
mission, &c.,  having  been  entered  into  at  length  in 
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consequence  of  the  commercial  importance  that  the 
electric  transmission  of  energy  now  possesses.  And 
it  may  be  mentioned  that  generally  where  problems 
of  maxima  or  minima  have  been  considered,  attention 
has  been  directed  to  the  kind  of  change  that  is  produced 
in  the  value  of  the  quantity  under  consideration,  when 
the  value  of  the  variable  is  altered  from  that  required  to 
make  the  quantity  a  maximum  or  a  minimum. 

In  fact,  the  aim  has  been  to  treat  a  few  subjects 
fairly  thoroughly  in  a  simple  manner,  and  not  to  prepare 
a  list  of  short  instructions  for  carrying  out  a  large 
number  of  experiments,  nor  to  write  a  treatise,  mainly 
of  value  as  an  electrical  dictionary,  which  should  give 
a  little  information  about  everything  that  can  be  com- 
prised under  the  head  of  electricity,  whether  it  be  electric 
eels,  the  history  of  the  invention  of  the  telegraph,  the 
aurora,  or  the  earliest  forms  of  frictional  machines. 

In  the  letterpress,  small  capitals  have  been  used 
to  represent  instruments,  parts  of  apparatus,  &c.,  while 
large  capitals  systematically  stand  for  electric  quantities 
other  than  resistances,  these  being  throughout  designated 
by  small  letters  in  italics.  Thus  A,  A,  a  stand  respect- 
ively for  an  ammeter,  the  current  in  amperes  flowing 
through  it,  and  its  resistance  in  ohms. 

In  the  preface  written  in  1886  it  was  mentioned 
that,  with  the  exception  of  two  or  three  blocks  that  had 
been  lent,  the  180  figures  had  been  specially  drawn  for 
the  book,  and  were  not  time-honoured  representations 
of  historical  apparatus.  Of  these  180  figures  only  64, 
however,  have  been  employed  in  the  present  volume, 
partly  because  the  fresh  matter  required  many  new 
figures  to  illustrate  it,  and  partly  because  several  of  the 
blocks  specially  executed  for  the  original  book  have  lost 
their  freshness  from  the  appreciative  use  of  them  by 
other  writers.  Hence,  183  of  the  247  figures  contained 
in  the  present  volume  will  not  be  found  in  the  former 
book,  and  163  of  these  fresh  illustrations  have  been 
specially  drawn  for  this  new  edition. 
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A  large  number  of  new  examples  have  been  added, 
and  any  that  have  been  reproduced  from  the  original 
book  have  been  reworked,  either  to  check  the  accuracy 
of  the  results,  or  because  the  so-called  legal  units  re- 
ferred to  have  been  replaced  by  those  that  have  now 
been  adopted  internationally. 

My  thanks  are  due  to  my  past  and  present  assistants 
— Dr.  Sumpner,  Mr.  Haycraft,  and  Mr.  Severs — for 
much  assistance  in  the  preparation  of  this  book ;  to 
my  daughter  for  compiling  a  very  comprehensive  and 
judiciously  arranged  index;  and  to  Messrs.  Spiers, 
Twyman,  and  other  students  for  carefully  examining  the 
proofs.  In  conclusion,  I  desire  to  express  to-day  even 
more  warmly  than  in  October,  1886,  my  indebtedness  to 
Mr.  Mather  for  the  very  earnest,  thoughtful,  and  pains- 
taking way  in  which  for  many  years  he  has  assisted  me 
in  developing  the  course  of  instruction  for  students  of 
electrical  technology,  of  which  the  present  volume  repre- 
sents part  of  the  elementary  portion. 

W.  E.  AYRTON. 

October,  1896. 
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CHAPTER    I. 

THE  ELECTRIC  CURRENT  AND  ITS  MEASUREMENT. 

1.  What  is  meant  by  an  Electric  Current,  and  by  its  Direction  of  Flow 
—2.  Properties  of  an  Electric  Current— 3.  Measuring  the  Strength 
of  a  Current — 4.  Conductors  and  Insulators — 5.  The  Strength 
of  an  Electric  Current :  by  which  of  its  Properties  shall  it  be 
Directly  Measured  ? — 6.  Definition  of  the  Unit  Current ;  Ampere 
— 7.  Definition  of  the  Direction  of  the  Current — 8.  Objection  to 
the  Usual  Mode  of  Constructing  Voltameters— 9.  Description  of 
Practical  Forms  of  Sulphuric  Acid  Voltameters— 10.  Relative 
Advantages  of  Voltameters  and  Galvanometers — 11.  Meaning  of 
the  Relative  and  the  Absolute  Calibration  of  a  Galvanometer — 
12.  Experiment  for  Calibrating  a  Galvanometer  Relatively  or 
Absolutely — 13.  Graphically  Recording  the  Results  of  an  Experi- 
ment—14.  Practical  Value  of  Drawing  Curves  to  Graphically 
Record  the  Results  of  Experiments — 15.  To  Construct  a  Galvano- 
meter Scale  from  which  the  Relative  Strengths  of  Currents  can 
be  at  once  Ascertained. 

1.  What  is  meant  by  an  Electric  Current,  and  by 
its  Direction  of  Flow. — In  the  various  industries  in 
which  electricity  is  employed,  as  in  the  telegraph,  tele- 
phone, electric  lighting,  electrotyping,  electroplating., 
torpedo  exploding,  electric  traction,  the  electric  trans- 
mission of  power,  and  in  the  working  of  machinery 
by  the  aid  of  electromotors,  it  is  the  so-called  "electric 
current ''  that  is  made  use  of.  Hence  a  knowledge 
of  the  laws  of  this  electric  current,  a  clear  conception 
of  its  so-called  properties,  combined  with  a  practical 
acquaintance  with  the  modes  of  measuring  it,  must  be 
of  especial  importance  for  a  right  understanding  of  the 
working  of  the  apparatus  employed  in  the  above-mentioned 
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industries.  Indeed,  such  knowledge  is  absolutely  neces- 
sary if  the  user  of  electrical  apparatus  is  desirous  of 
employing  it  to  the  best  advantage,  of  being  able  to 
correct  faults  when  they  occur,  as  well  as  of  effecting 
improvements  in  the  instruments  themselves. 

It  is  customary  to  speak  of  an  electric  current  as 
if  it  had  an  independent  existence  apart  from  the  "  con- 
ductor "  through  which  it  is  said  to  be  flowing,  just  as  a 
current  of  water  is  correctly  spoken  of  as  something 
quite  distinct  from  the  pipe  through  which  it  flows.  But 
in  reality  we  are  sure  neither  of  the  direction  of  flow  of 
an  electric  current,  nor  whether  there  is  any  motion  of 
anything  at  all.  Arid  the  student  must  not  assume  that 
the  conventional  expression.  "  The  current  flows  from  the 
copper  pole  of  a  galvanic  battery  to  the  zinc  pole  through 
the  external  circuit,"  implies  any  knowledge  of  the  real 
direction  of  flow  any  more  than  the  railway  expressions, 
"  up  train  "  and  "  down  train,"  mean  that  either  train  is 
necessarily  going  to  a  higher  level  than  the  other.  In 
the  case  of  a  stream  of  water  flowing  along  a  river-bed 
we  are  quite  certain  that  there  is  water  in  motion,  and 
everyone  is  agreed  as  to  which  way  the  water  is  flow- 
ing; a  cork  or  a  piece  of  wood  thrown  on  the  water 
indicates  by  its  motion  the  direction  in  which  the  water 
is  moving. 

Nor,  again,  must  an  electric  current  be  supposed  to 
be  like  waves  of  sound  travelling  along,  since  in  this 
latter  case,  although  there  is  no  actual  travelling  along 
of  matter,  still  the  direction  of  motion  of  the  wave  of 
sound  is  perfectly  definite.  Indeed,  a  wire  along  which 
an  electric  current  is  flowing  is  more  like  a  wire  at  each 
end  of  which  a  musical  instrument  is  being  played,  so 
that  the  sound  is.  travelling  in  both  directions  along  the 
wire  at  the  same  time.  In  short,  the  statement  that  an 
electric  current  is  flowing  along  a  wire  is  only  a  short 
way  of  expressing  the  fact  that  the  wire  and  the  space 
around  the  wire  are  in  a  different  state  from  that  in  which 
they  are  when  no  electric  current  is  said  to  be  flowing.  So 
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that  when  a  body  and  the  space  around  the  body  possess 
certain  properties  that  they  do  not  usually  possess,  an 
electric  current  is  said  to  be  flowing  through  that  body. 

2.  Properties  of  an  Electric  Current. — These  pro- 
perties are : — 

(1)  A  suspended  magnet  put  in  nearly  any  position 
near  a  body  through  which  an  electric  current  is  said  to 
be  flowing  will  be  deflected,  showing  that  a  force  is 
exerted  on  the  magnet  (Fig.  1).  This  force  is  mutual,  so 


Fig.  1. 


that  if  a  magnet  be  brought  near  any  substance  traversed 
by  an  electrical  current,  this  substance  will  generally 
be  acted  upon  by  a  force  tending  to  move  it  (Fig.  2). 
Also  any  piece  of  soft  iron  put  near  a  conductor  carrying 
a  current  will  become  magnetised  (Fig.  3).  The  action 
in  all  these  cases  is  just  as  if  the  body  conveying  the 
current  had  become  magnetic.  This  is  further  shown 
by  the  fact  that  any  two  wires  through  each  of  which  a 
current  of  electricity  is  passing,  act  upon  each  other 
with  a  magnetic  force  in  nearly  every  position  in  which 
the  wires  may  be  placed  relatively  to  one  another 
(Fig.  4). 

(2)  If  the  circuit  through  which  an  electric  current 
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is  said  to  be  flowing  be  partly  solid  and  partly  liquid, 


Fig.  2.— A  Piece  of  Tinsel  Coiling  itself  round  n  Magnet  when  a  Current  Flows 
through  the  Tinsel.     Suggested  by  Prof.  Jamil-son. 

then  the  liquid  will  generally  be  decomposed  into  two 
parts,  one  part  going  to  one  side  of  the  liquid  in  the 
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direction  in  which  the  current  may  be  said  to  be  flowing, 
and  the  other  part  going  to  the  other  side  of  the  liquid 
in  the  opposite  direction  to  the  flow  of  the  current 
(Fig.  5). 

(3)  The  body  conveying  the  current  becomes  more  or 
less  heated  (Fig.  6). 

In  popular  language  the  current  is  said : 

(1)  To  deflect  the  magnet,  and  magnetise  the  iron. 

(2)  To  decompose  the  liquid. 

(3)  To  heat  the  body  through  which  it  isfloiuing. 


Fig.  3.— Iron  Rod  Picking  up  Nails  when  a  Current  Flows  through  a  Wire 
Coiled  round  it.    Wire  may  be  Bare  if  Rod  be  Varnished. 

But  as  we  have  no  evidence  of  the  current  apart 
from  the  conductor  through  which  it  is  said  to  flow,  it  is 
more  accurate  to  speak  of  a  current  being  said  to  flow 
through  a  conductor  in  which  these  effects  are  found  to 
be  produced,  than  to  say  that  the  current  produces 
these  effects.  The  latter  expression,  however,  for 
brevity's  sake,  is  generally  adopted  ;  and,  indeed,  the 
heat  generated  in  a  wire  conveying  a  current  has  so 
many  analogies  with  the  heat  produced  in  a  pipe  by  the 
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friction  of  a  stream  of  water  passing  through  it,  that  we 
can  frequently  assist  ourselves  by  thinking  of  an  electric 
current  as  a  stream  of  matter  passing  through  the  wire 
as  water  would  pass  through  a  pipe  filled  with  sponge, 


Fig.  4.— Two  Coils  Standing  on  Narrow  Bases  Falling  Down  when  a  Current 
Flows  through  them  in  Opposite  Directions. 


or  loosely  packed  with  sand.  But  the  analogy,  like 
many  other  analogies,  must  not  be  pressed  too  far, 
especially  as  there  is  this  very  great  difference  between 
a  current  of  water  flowing  in  a  pipe  and  a  current  of 
electricity  in  a  wire,  viz.  that  in  the  former  case  no 


Chap.  I.          PROPERTIES    OF    AN    ELECTRIC    CURRENT.  7 

effects  are  produced  external  to  the  pipe,  whereas  in  the 
latter  the  whole  space  surrounding  the  wire  is  affected. 
For  example,  an  electric  current  is  flowing  through  a 
thick  flexible  conductor,  a  compass  needle  brought  within 


Contains  Solution  of  Common  Salt  with  Drop  of  Hydro- 
i  is  Coloured  Red  with  Litmus.     When  a  Current  Flows 


Fig.  5. — Tube  A  B  c  cc 
chloric  Acid,  and 

Chlorine  is  liberated  in  limb  A,  which  Bleaches  Liquid,  while  Caustic 
Soda  is  Formed  in  limb  c,  making  Liquid  Dark  Blue. 


two  or  three  inches  of  it  is  deflected.  But  suppose  not 
merely  is  there  a  current  of  electricity  flowing,  but  also 
a  stream  of  water  passing  through  the  interior  of  the 
conductor,  the  conductor  being  in  reality  a  pipe.  The 
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water  stream,  however,  is  a  perfectly  steady  one,  there- 
fore it  makes  no  sound ;  the  water  has  been  previously 
brought  to  the  temperature  of  the  pipe,  therefore  the 
presence  of  the  water  inside  the  pipe  cannot  be  detected 
by  the  pipe  feeling  hotter  or  colder  to  the  touch  ;  and, 


Fig.  6.— Glow  Lamp. 


consequently,  it  would  be  extremely  difficult  to  detect 
this  stream  of  water  by  any  test  made  outside  the  pipe.* 
The  Magnetic,  Chemical,  and  Heating  effects  of  a 
current  are  practically  utilised  in  a  number  of  electrical 
instruments  ;  for  instance  : 

*  A  compo  gas  pipe  answers  very  well  for  this  experiment. 
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Magnetic  Property. — Needle  telegraph,*  the  Morse 
instrument,  telephones,  electric  bells,  arc  lamps,  dynamo 
machines,  electromotors,  and,  in  fact,  all  instruments 
using  electromagnets. 

Chemical  Property. — Electroplating,  electrotyping, 
the  extraction  of  aluminium  and  other  metals  from  their 
ores,  the  production  of  sodium  and  chlorine  from  salt, 
the  manufacture  of  pure  copper,  the  cleansing  of  the 
mercury  used  in  separating  gold  from  sand,  &c. 

Heating  Property. — Electric  welding,  electric  cook- 
ing apparatus,  electric  lamps,  contrivances  for  lighting 
gas  or  oil  lamps  electrically,  fuses  for  torpedoes,  &c. 

The  heating  effect  of  the  current  is,  as  we  shall  see, 
the  effect  which  always  occurs  Avhen  a  current  flows  ; 
that  is  to  say,  it  is  impossible  for  a  current  to  flow 
through  a  body  without  some  heat  being  produced  ;  and 
not  only  is  heat  produced  by  the  ordinary  currents  flow- 
ing through  telegraph  wires,  which  are  sometimes  not 
much  more  than  three-thousandths  of  the  strength  of  the 
current  flowing  through  an  incandescent  lamp,  but  even 
the  currents  used  with  the  Bell  telephone  worked  with- 
out a  battery  produce  a  definite  amount  of  heat  in  a  given 
telephone  circuit,  even  though  such  telephone  currents 
are  very  weak  compared  with  the  currents  used  ir 
telegraphy.  The  actual  measurement  of  the  heat  pro- 
duced  by  such  very  weak  currents,  however,  would  be 
extremely  difficult,  if  not  impossible,  to  carry  out  with 
existing  apparatus. 

3.  Measuring  the  Strength  of  a  Current.— As, 
then,  the  production  of  heat  always  accompanies  the 
passage  of  a  current,  it  might  seem  that  the  amount  of 
heat  produced  in  a  given  time  ought  to  be  taken  as  a 
measure  of  the  strength  of  the  current.  But,  in  addition 

*  It  is  desirable  to  show  in  operation  to  students  as  many  as 
possible  of  the  instruments  enumerated  under  the  three  heads, 
Magnetic  Property,  Chemical  Property,  and  Heating  Property,  but 
at  this  early  stage  it  is  only  necessary  to  describe  the  instruments  in 
so  far  as  their  operation  illustrates  the  respective  property  of  the 
current. 
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to  the  difficulty  of  measuring  the  small  amount  of  heat 
produced  by  weak  currents,  the  only  way  w.e  have  of 
measuring  the  amount  of  heat  given  to  a  body  is  an  indirect 
one,  and  consists  in  measuring  its  rise  of  temperature  by 
means  of  a  thermometer.  But  as  a  thermometer  measures 
merely  rise  of  temperature,  and  not  the  amount  of  heat, 
and,  since  by  changing  the  mass  or  the  nature  of  the 
material  warmed,  or  by  increasing  or  diminishing  the 
facility  that  the  body  may  have  for  cooling,  the  rise  of 
temperature  of  a  body  through  which  a  current  is  passing 
can  be  varied  without  changing  the  strength  of  the 
current,  it  follows  that  various  precautions  have  to  be 
adopted,  and  further  experiments  have  generally  to  be 
made  to  enable  us  to  deduce  from  the  observed  rise  of 
temperature  the  real  amount  of  heat  that  was  given  to 
the  body. 

In  order  to  ascertain  which  of  the  properties  of  a 
current  can  be  best  employed  for  measuring  its  strength, 
an  experiment  may  be  made  with  the  following  ap- 
paratus :  — 

A,  IB,  c,  D,  E  (Fig.  7)  are  instruments  so  arranged 
that  the  same  electric  current  will  be  sent  through  them 
all  by  the  "  lattery"  b  b,  on  joining  the  wires  p  and  Q.  A 
is  a  coil  of  cotton-  or  silk-covered  wire,  with  a  magnet  m 
suspended  so  as  to  turn  freely  inside  the  coil,  the  whole 
arrangement  forming  what  is  called  a  "  galvanoscope." 
B  is  an  "  electromagnet  "  consisting  of  a  coil  of  cotton-  or 
silk-covered  wire  wound  in  opposite  directions  round  the 
ends  of  a  piece  of  iron  of  Lorse-shoe  form,  c  is  a  "sul- 
phuric acid  voltameter  "  consisting  of  two  platinum  plates 
dipping  into  moderately  dilute  sulphuric  acid  in  a  vessel 
v,  closed  by  an  air-tight  stopper  s,  through  which  passes 
a  glass  tube  t,  open  at  both  ends,  and  with  its  lower  end 
nearly  touching  the  bottom  of  v.  This  tube  is  graduated 
in  fractions  of  a  cubic  centimetre  or  cubic  inch.  D  con- 
sists of  two  thin  copper  plates  p,  p,  dipping  into  a  solu- 
tion of  copper  sulphate  (the  blue  vitriol  of  commerce), 
and  is  called  a  "copper  voltameter."  E  is  a  coil  of  bare 
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wire  immersed  in  paraffin  oil,  the  temperature  of  which 
can  be  measured  by  the  thermometer  T,  the  arrange- 
ment being  called  a  "calorimeter" 

Connect  the  two  wires  P  and  Q,  and  allow  the  current 
to  pass  for  a  convenient  time  through  these  five  pieces  of 
apparatus,  then  it  will  be  found  that : — 

(1)  The  liquid  has  risen  a  distance  d^  in  the  tube  t 
of  the  voltameter  c,  indicating  that  the  passing  of  the 
current  through  the  liquid  from  one  of  the  platinum 
plates  to  the  other  has  caused  c±  cubic  inches  of  gas  to 
be  generated. 

(2)  One  of  the  plates  in  the  copper  voltameter  has 
increased  in  weight  by  W1  grains. 

(3)  The  mercury  in  the  thermometer  T  of  the  calori- 
meter E  has  risen  through  DJ*. 

(4)  The  magnetic  "  needle  "  m  of  the  galvanoscope  A 
has  all  the  time  been  kept  deflected  from  its  original 
position  through  a  number  of  degrees  NJ. 

(5)  If  at  any  time  during  the  passage  of  the  current 
the  "  armature  "  a  was  placed  carefully  on  the  ends  of  the 
horse-shoe  electromagnet  B  it  required  a  pull  of  wl  Ibs., 
as  measured  by  the  spring  balance,  to  pull  it  off,  when 
the  handle  at  the  top  of  the  apparatus  was  slowly  turned. 

Next  increase  the  strength  of  the  current  passing 
through  the  apparatus  C,  D,  E,  A,  B,  by  increasing  the 
number  of  cells  forming  the  battery  b  b  or  in  any  other 
way,  such  as  will  be  described  later  on,  and  repeat  the 
experiment  for  the  same  time  as  before,  then  each  of  the 
effects  previously  observed  with  these  instruments  will  be 
increased,  and  instead  of  the  results  c1?  W15  D",  ISP,',  w}1 
we  shall  obtain  c2,  W3,  D£,  N£,  w^.  But  it  will  be  found 
that  the  new  values  do  not  all  bear  the  same  ratio  to  the 
corresponding  old  ones.  For  example,  if  c2  is  twice  clf 
then  Ng  may  be  more  or  less  than  twice  N",  but  will 
generally  be  less  than  twice,  while  D£  and  wz  may  be 
found  to  be  much  greater  than  twice  D?  and  wl  respect- 
ively. On  the  other  hand,  if  the  strength  of  the  second 
current  be  so  chosen  as  to  make  D£  exactly  twice  Dj, 
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then  generally  it  will  be  found  that  w^  is  rather  more 
than  twice  w^  while  c3  and  W2  are  less  than  twice  cx  and 
Wj  respectively. 

If,  then,  we  arbitrarily  define  the  strength  of  the 
current  as  being  directly  proportional  to  the  gas  evolved 
in  the  sulphuric  acid  voltameter,  we  must  conclude 
that  if  c2  is  exactly  double  cx  we  have  doubled  the  current 
strength ;  but,  on  the  other  hand,  if  we  prefer  to  say 
that  strength  of  current  is  directly  proportional  to  the 
angular  deflection  of  the  needle  m  in  the  galvanoscope  A, 
then  we  must  conclude  that,  as  N£  is  less  than  twice  N", 
we  have  not  quite  doubled  the  strength  of  the  current ; 
whereas  if  we  prefer  to  say  that  current  strength  shall 
be  regarded  as  proportional  to  the  force  required  to 
detach  the  armature  a  of  the  electromagnet  B,  or,  instead, 
proportional  to  the  rise  of  temperature  of  the  liquid  in 
the  calorimeter  E  in  a  given  time,  then  we  must  conclude 
that  the  strength  of  the  current  has  been  more  than 
doubled.  Which  of  these  is  right  and  which  wrong  1  As 
long  as  no  one  of  the  effects  varies  we  may  be  safe  in 
concluding  that  the  strength  of  the  current  is  constant, 
but  if  the  different  effects  to  which  we  have  been 
referring  vary  from  one  time  to  another,  then  which  of 
them  shall  we  take  to  represent  by  the  magnitude  of  its 
variations  the  change  that  has  taken  place  in  the  current 
strength  ? 

In  the  case  of  measuring  the  velocity  of  a  stream  of 
water,  or  the  number  of  gallons  of  water  per  minute 
discharged  by  a  river,  no  two  experimenters  could  differ. 
One  of  them,  by  the  employment  of  better-constructed 
measuring  instruments,  or  it  may  be  from  having  greater 
experience  in  making  such  measurements,  might  get 
answers  slightly  different  from,  and  more  accurate  than, 
those  obtained  by  the  other  experimenter.  But  they 
could  not  have  such  totally  different  conceptions  of  what 
should  be  meant  by  the  velocity  of  the  water  in  a 
particular  part  of  the  channel,  or  of  the  total  discharge 
in  gallons  per  minute,  that  the  results  obtained  by  one 
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observer  were,  apart  from  all  mere  errors  of  experiments, 
twice  as  great  as  those  obtained  by  the  other.  And  this 
is  because  they  would  be  dealing  with  the  actual  flow  of 
a  material  substance — water. 

The  flow  of  an  electric  current,  however,  being 
merely  a  conventional  method  of  expressing  the  fact  that 
a  conductor  has  acquired  certain  properties  that  it  does 
not  usually  possess,  there  is  no  question  of  right  or 
wrong,  but  only  one  of  convenience,  in  selecting  which- 
ever we  choose  of  the  so-called  properties  of  the  current 
as  the  one  we  arbitrarily  decide  to  employ  as  the 
measure  of  the  current  strength. 

4.  Conductors  and  Insulators. — The  various  pieces 
of  apparatus  in  Fig.  7  are  joined  by  bits  of  copper  wire, 
but  as  long  as  there  is  even  one  break  in  the  continuity, 
as  at  p  Q,   no  current  can  be  sent  by  the  battery  b  b 
through  the  circuit,  because  the  air  separating  the  wire 
p  from  the  wire  Q  "  insulates  "  or  is  an  "insulator"    If  p 
be  pressed  against  Q,  but  with  even  a  thin  piece  of  paper, 
or  silk,  or  indiarubber,  &c.,  between,  still  no  current  will 
flow,  because  all  these  substances  are  more  or  less  good 
insulators.     If,  however,  the  ends  of  the  wires  p  and  Q 
be  rubbed  clean  with  emery  paper,  or  be  scraped  clean 
with  the  back  of  a  knife  or  a   file,   and  then  pressed 
together,  the    current   will    flow,   since    there    is    good 
<:  conductivity  "  or  little  "  resistance  "  between  the  clean 
surfaces  of  metals  pressed  together. 

5.  The  Strength  of  an  Electric  Current:  by  which 
of  its  Properties  shall  it  be  Directly  Measured  ? — To 
assist  us  in  deciding  whether  the  amount  of  the  magnetic 
action,  or  of  the  chemical  action,  or  the  amount  of  heat 
produced  in  a  given  time,  shall  be  arbitrarily  taken  as 
that  magnitude  to  which  the  current  strength  shall  be 
denned  as  being  directly  proportional,  we  observe  that 
of  the  five  pieces  of  apparatus  A,  B,  c,  D,   E  employed 
in  the  previous  experiment,  c  and  D  are  the  only  two 
which  give   results  that  steadily  increase  in  the  same 
proportion  when  the  current  is  increased.      Consequently 
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while,  on  the  one  hand,  our  estimate  of  the  relative 
strength  of  two  currents  would  be  quite  different  ac- 
cording as  we  selected  the  angular  deflection  of  the 


Fig.  8.— Two  Sulphuric  Acid  Voltameters  having  Platinum  Plates  of  Different 
Sizes  and  at  Different  Distances  Apart. 

magnet  ra  (Fig.  7),  or  the  force  of  detachment  of  the 
armature  a  to  be  the  direct  measure  of  the  current 
strength ;  on  the  other  hand,  we  should  arrive  at  practic- 
ally the  same  estimate  whether  we  chose  to  say  that 
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Fig.  9. — Two  Copper  Voltameters  having  Plates  of  Different  Sizes  and  at 
Different  Distances  Apart. 

the  current  was  directly  proportional  to  the  rate  of 
production  of  gas  in  the  sulphuric  acid  voltameter  c, 
or  to  the  rate  of  deposition  of  copper  in  the  copper 
voltameter  D. 

But   in   addition   to    this    agreement   between    the 
relative  amounts  of  different  chemical  actions  produced 


tig.  10,— Galvanoscope  to  the  Left  Wound  with  Many  Turns  of  Fine  Wire; 
Galvanoscope  to  the  Right  with  a  Few  Turns  of  Thick  Wire.  For  details 
of  Construction  of  Galvanoscope  see  page  125. 
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by  two  currents  there  is  another  equally  important  fact, 
viz.  that  the  rate  at  which  a  particular  chemical  effect  is 
produced  by  a  current  is  practically  independent  of  the 
size  and  shape  of  the  apparatus.  Thus,  suppose  we 
have  two  sulphuric  acid  voltameters,  the  platinum  plates 
being  of  totally  different  shapes  and  sizes  (Fig.  8) ; 


Fig.  11.— Electromagnet  to  tlie  Lui't  Wound  with  Many  Turns  of  Fine  Wire 
Electromagnet  to  the  Right  with  a  Few  Turns  of  Thick  Wire. 

two  copper  voltameters  also  of  different  shapes  and  sizes 
(Fig.  9),  the  copper  plates,  for  example,  being  much 
larger,  and,  either  much  nearer  together,  or  much  farther 
apart  in  the  one  than  in  the  other  ;  also  two  galvanoscopes 
(Fig.  10),  which  may  look  very  much  like  one  another, 
but  the  bobbin  of  the  instrument  to  the  right  is  wound 
with  a  few  turns  of  thick  wire,  while  that  of  the  other 
galvanoscope  to  the  left  is  wound  with  many  turns 
of  fine  wire;  two  electromagnets  (Fig.  11),  which 
differ  from  one  another  in  the  same  sort  of  way  as 
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do  the  galvanoscopes,  and  two  calorimeters  (Fig.  12), 
the  two  instruments  in  each  case  being  selected  so 
as  to  be  distinctly  different  in  size  and  form.  Then, 


Fig.  12. — Thermometer  to  the  Left  Surrounded  with  Several  Turns  of  Fine 
Wire  ;  Thermometer  to  the  Bight  with  a  Few  Turns  of  Thick  Wire. 

if  an  experiment  be  made  with  each  pair  of  appara- 
tus, a  certain  current  being  sent  through  both  sul- 
phuric acid  voltameters  for  a  certain  time,  and  a 
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current,  which  may.  or  may  not  be,  of  the  same  strength 
as  the  former,  through  both  the  copper  voltameters, 
&c.,  the  following  results  will  be  observed  :  In  the 
two  sulphuric  acid  voltameters  quantities  of  gas  equal 
in  volume  at  the  same  pressure  and  temperature,  and, 
therefore,  possessing  the  same  mass,  will  be  developed  in 
the  same  time,  in  spite  of  the  platinum  plates  being 
of  a  very  different  size  and  at  a  very  different  distance 
apart  in  the  two  voltameters.*  Similarly,  in  spite  of 
the  difference  in  size  and  form  in  the  two  copper 
voltameters,  the  increase  in  weight  of  the  plate  of 
the  one  will  be  practically  the  same  as  the  increase 
in  weight  of  the  corresponding  plate  of  the  other, 
unless  the  current  be  so  strong  that  the  deposited 
copper  tumbles  to  the  bottom  instead  of  forming  an 
adherent  deposit.  But  in  the  case  of  the  two  galvano- 
scopes,  the  two  electromagnets,  and  the  two  calori- 
meters, although  the  current  passing  through  the  two 
apparatus  in  any  one  pair  is  the  same,  the  effects 
depend  on  the  shape,  on  the  size,  and  on  very  many 
details  in  the  arrangement,  &c.  Hence,  to  specify 
the  strength  of  a  current  by  the  magnitude  of  the 
deflection  of  the  needle  of  a  galvanoscope,  it  would 
be  necessary  to  state  the  exact  mode  of  constructing 
each  part  of  the  galvanoscope  in  great  detail,  as  well 
as  the  exact  position  of  the  instrument  relatively  to 
neighbouring  magnetic  pieces  of  iron.  Whereas,  to 
specify  the  strength  of  a  current  by  the  amount  of 
gas  produced  in  a  given  time  in  a  sulphuric  acid 
voltameter,  or  by  the  amount  of  copper  deposited  in 
a  given  time  on  one  of  the  plates  of  a  copper  volta- 
meter, neither  the  shape  nor  size  of  the  plates,  nor 

*  Equality  of  pressure  may  be  obtained  by  using  for  the  volta- 
meters two  vessels  of  the  same  size  as  well  as  two  tubes  of  the  same 
bore,  and  filling  the  vessels  with  the  same  quantity  of  dilute  sulphuric 
acid  of  the  same  specific  gravity.  In  that  case,  if  the  level  of  the 
liquid  in  the  two  tubes  be  the  same  to  start  with,  the  liquids  will  be 
found  to  rise  at  exactly  the  same  rate  in  them  on  the  same  current 
being  sent  through  the  two  voltameters. 
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the  distance  between  them,  need  be  taken  into  account 
within  wide  limits. 

In  both  the  voltameters  it  is  chemical  decomposition 
that  takes  place — in  the  former,  this  decomposition  being 
the  splitting  up  of  the  liquid  into  gases ;  in  the  latter, 
the  splitting  up  of  the  copper  sulphate,  and  the  deposit 
of  copper  on  one  of  the  copper  plates,  together  with  a 
loss  of  an  equal  weight  of  the  metal  of  the  other  copper 
plate  to  give  back  to  the  solution  the  amount  of  copper 
taken  out  of  it.  In  A  and  B  (Fig.  7)  the  effects  pro- 
duced are  both  magnetic,  but  we  have  found  that  N(.! 
does  not  bear  to  Nj  the  same  ratio  that  tv2  bears  to  w-^ ; 
whereas  in  the  case  of  the  voltameters  we  always  find 
that  c3  bears  to  cl  almost  exactly  the  same  ratio  that  W2 
bears  to  Wr  Consequently,  as  far  as  we  have  seen  at 
present,  the  amount  of  chemical  action  produced  in  a 
given  time  by  a  current  appears  to  be  a  more  direct 
measure  of  its  strength  than  the  magnitude  of  the 
magnetic  effect  produced. 

Let  us  examine  this  point  still  farther.  In  Fig.  7  all 
the  apparatus  is  joined  up  "  in  series " — that  is  to 
say,  the  current  passing  through  any  one  instrument 
passes  through  every  other.  But  in  Fig.  13  C2  and  C3 
are  two  sulphuric  acid  voltameters  "  in  parallel"  and  not 
in  series,  with  one  another.  For  the  current  which  comes 
along  the  wire  wx  and  passes  through  sulphuric  acid  volta- 
meter CT  divides  into  two  portions,  one  of  which  passes 
through  C2  and  the  other  through  cs,  the  two  portions 
then  recombine  and  flow  away  together  by  the  wire  W2. 
Also  from  the  construction  of  the  apparatus  it  will  be 
seen  that  the  rise  of  liquid  in  the  tube  TT  measures  the 
production  of  gas  in  the  voltameter  cl5  while  the  rise  of 
liquid  in  the  tube  T2  measures  the  sum  of  the  quantities 
of  gas  produced  in  the  voltameters  C0  and  C3  together. 
Now,  experiment  shows  that,  if  the  precautions  referred 
to  in  the  note  on  page  19  for  using  the  apparatus  in 
Fig.  8  be  taken,  the  liquid  rises  at  exactly  the  same  rate 
in  the  tube  TJ  that  it  does  in  the  tube  T2.  Consequently 
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the  rate  of  production  of  gas  in  ct  is  equal  to  the  sum 
of  the  rates  of  production  in  C2  and  C3  together. 

Further,  whether  Cj,  C3,  and  C3  be  all  sulphuric  acid 
voltameters,  or  all  copper  voltameters,  or  all  silver  volta- 


Fig.  13.— Voltameters  c2  and  cs  in  Parallel  with  One  Another,  but  in  Series 
with  Voltameter  cl. 

meters,  or,  indeed,  all  voltameters  of  the  same  character,  it 
will  be  found  that,  no  matter  what  be  the  shapes  or  sizes  of 
the  different  voltameters,  and  no  matter  what  be  the  areas 
of  the  platinum,  copper,  or  silver  plates  immersed  in  the 
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respective  liquids,  or  the  distances  apart  of  the  plates, 
the  amount  of  chemical  action  produced  in  a  given  time 
in  Cj  is  almost  exactly  equal  to  the  sum  of  the  amounts 
oj!  chemical  action  produced  in  C3  and  c3  together.  The 
plates,  in  any  one  of  the  voltameters,  Cj,  may  be  large 
or  small,  near  together  or  far  apart — may  be,  in  fact, 
moved  about  while  the  chemical  action  is  going  on.  The 
current  may  be  strong  and  the  chemical  action  take 
place  rapidly,  or  it  may  be  weak  and  the  action  proceed 
slowly,  and  it  may  be  varied  while  the  action  is  pro- 
gressing ;  but  the  same  general  result  still  remains  true. 
Measure  the  amount  of  chemical  action  that  has  taken 
place  in  C3  and  in  C3,  add  the  two  together,  and  it  will 
be  found  to  be  practically  equal  to  the  action  that  has 
taken  place  in  cx  in  the  same  time. 

Now,  when  a  river  divides  in  consequence  of  tho 
existence  of  an  island  in  mid-stream,  we  know  that  the 
number  of  gallons  of  water  flowing  per  minute  on  each 
side  of  the  island  must  together  equal  the  total  number 
of  gallons  per  minute  flowing  in  the  main  stream,  simply 
because  the  water  which  does  not  go  past  one  side  of  the 
island  must  go  past  the  other ;  and  similarly,  if  we  are 
to  look  upon  a  current  of  electricity  in  the  same  way  as 
a  current  of  water,  we  must  expect  that,  when  it  divides 
into  two  parts,  the  sum  of  these  parts  must  always  be 
equal  to  the  whole,  whether  the  current  which  divides 
is  a  large  one  or  a  small  one.  The  experiment  just 
described  shows  that,  if  we  say  that  a  current  is  directly 
proportional  to  the  rate  at  which  chemical  action  is 
produced  in  a  voltameter,  this  statement  will  always  be 
true,  whatever  be  the  current  in  the  main  circuit ;  but  it 
will  not  generally  be  true  if  we  take  any  of  the  other 
effects  occurring  in  the  instruments  indicated  in  Fig.  7 
(page  11)  as  a  direct  measure  of  a  current.  Thus,  in 
Fig.  13,  if  C15  C2,  C3  represent  galvanoscopes,  such  as  A 
in  Fig.  7,  the  deflection  of  the  first  will  not  generally 
be  equal  to  the  sum  of  the  deflections  of  the  other 
two  ;  and  even  if  this  were  the  case  for  one  current  in 
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the  main  circuit,  it  would  not  be  the  case  for  any  other. 
Nor  will  any  simple  relation  be  found  to  connect  the 
deflection  of  the  first  instrument  with  those  of  the 
other  two,  unless  elaborate  precautions  be  taken  in  the 
construction  of  the  apparatus. 

6.  Definition  of  the  Unit  Current;  Ampere.— We 
may,  therefore,  define  the  strength  of  a  current  as  being 
proportional  to  the  amount  of  chemical  decomposition  it 
can  produce  in  a  given  time  ;  and  an  unvarying  current 
which)  when  passed  through  a  solution  of  nitrate  oj 
silver  in  water,  deposits  silver  at  the  rate  of  O001118 
of  a  gramme  per  second,  is  taken  as  a  current  of  one 
ampere. 

The  metal  deposited  by  the  current  does  not  adhere 
well  to  the  plate  of  a  voltameter  or  "  electrolytic  cell,"  if 
the  action  proceeds  too  rapidly  ;  also  errors  will  arise 
in  the  estimation  of  a  current  by  the  electrolytic  method, 
unless  certain  precautions  be  carefully  attended  to. 
Thus,  when  measuring  a  current  of  about  one  ampere 

s 


vv: 


Fig.  14.— Silver  Voltameter  for  Measuring  Currents  of  about  One  Ampere. 

with  a  silver  voltameter,  it  is  advisable  to  adopt  the 
following  arrangement  :— The  "  cathode,"  sometimes 
spelt  "kathode,"  or  plate  on  which  the  silver  is  de- 
posited, should  take  the  form  of  a  light  bowl  K  (Fig. 
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14),  not  less  than  10  centimetres  *  in  diameter,  and  from 
4  to  5  centimetres  in  depth,  and  made  of  platinum,  so 
that  it  may  be  easily  cleaned  with  nitric  acid.  The 
" anode"  or  plate  from  which  the  silver  is  electrically 
removed,  should  be  a  disc  of  pure  silver,  A,  of  about  30 
square  centimetres  in  area,  and  from  2  to  3  millimetres 
thick. 

Riveted  to  the  anode  is  a  strip  of  pure  silver  which 
is  braized  to  a  brass  strip  s,  and  by  means  of  the  metal 
clamp  c  and  nut  N  the  anode  is  held  so  that  its  edge 
is  equidistant  all  round  from  the  rim  of  the  cathode , 
and  its  upper  surface  just  below  the  level  of  the  liquid  ; 
this  may  conveniently  consist  of  a  neutral  solution  of 
pure  silver  nitrate,  containing  about  15  parts  by  weight 
of  the  salt  to  85  parts  of  distilled  water. 

Electric  contact  is  made  between  the  wire  WT  and  the 
bowl  by  means  of  three  metal  pins  p,  on  which  the  latter 
rests ;  and  the  wire  W3  is  electrically  joined  to  the  anode 
disc  by  the  strip  s  being  held  fast  in  the  metal  clamp  c, 
to  which  the  wire  W0  is  attached. 

In  addition  to  the  surface  of  the  anode  plate  being 
turned  into  silver  nitrate  by  the  passage  of  the  current, 
there  is  a  tendency  for  small  bits  of  silver  to  become 
detached  and  to  fall  into  the  bowl,  thus  making  its  weight 
too  great.  To  prevent  this,  the  anode  should  be  wrapped 
round  with  pure  filter  paper,  secured  at  the  back  with 
sealing-wax. 

When  making  an  observation,  the  current  should  be 
allowed  to  pass  for  about  half  an  hour,  and  be  maintained 
as  constant  as  possible. 

The  preceding  is  based  on  the  Reports  issued  in  1891, 
1892,  and  1894  by  the  Committee  f  appointed  to  advise 

*  One  metre  is  39 '370  inches,  therefore  10  centimetres  correspond 
with  a  little  less  than  4  inches.  One  square  metre  is  1,550  square 
inches,  therefore  30  square  centimetres  is  a  little  less  than  4f  square 
inches. 

f  This  Committee  consisted  of  Sir  Courtenay  Boyle,  Mr.  Hopwood 
and  Major  Carclew  representing  the  Board  of  Trade  ;  Mr.  Preece  and 
the  late  Mr.  Graves  representing  the  Postal  Telegraph  Department ; 
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the  Board  of  Trade  on  Electrical  Standards,  and  the 
following,  extracted  from  the  "  Order  in  Council"  made 
by  Her  Majesty  on  the  23rd  of  August,  1894,  is  their 
description  of  the 

"  METHOB  OF  MAKING  A  MEASUREMENT. 

"  The  platinum  bowl  is  washed  with  nitric  acid  and  distilled 
water,  dried  by  heat,  and  then  left  to  cool  in  a  desiccator.  When 
thoroughly  dry,  it  is  weighed  carefully. 

"  It  is  "nearly  filled  with  the  solution,  and  connected  to  the  rest 
of  the  circuit  by  being  placed  on  a  clean  copper  support,  to  which 
a  binding  screw  is  attached.  This  copper  support  must  be 
insulated. 

"  The  anode  is  then  immersed  in  the  solution,  so  as  to  be  well 
covered  by  it  and  supported  in  that  position  ;  thp  connections  to 
the  rest  of  the  circuit  are  made. 

"  Contact  is  made  at  the  key,  noting  the  time  of  contact.  The 
current  is  allowed  to  pass  for  not  less  than  half  an  hour,  and  the 
time  at  which  contact  is  broken  is  observed.  Care  must  be  taken 
that  the  clock  is  keeping  correct  time  daring  this  interval. 

"  The  solution  is  now  removed  from  the  bowl,  and  the  deposit  is 
washed  with  distilled  water,  and  left  to  soak  for  at  least  six  hours. 
It  is  then  rinsed  successively  with  distilled  water  and  absolute 
alcohol,  and  dried  in  a  hot-air  bath  at  a  temperature  of  about 
160°C.  After  cooling  in  a  desiccator  it  is  weighed  again.  The 
gain  in  weight  is  the  silver  deposited. 

"To  find  the  current  in  amperes,  this  weight,  expressed  in 
grammes,  must  be  divided  by  the  number  of  seconds  during  which 
the  current  has  been  passed,  and  by  -001118. 

"  The  result  will  be  the  time-average  of  the  current,  if  during 
the  interval  the  current  has  varied. 

"  In  determining  by  this  method  the  constant  of  an  instrument, 
the  current  should  be  kept  as  nearly  constant  as  possible,  and  the 
readings  of  the  instrument  taken  at  frequent  observed  intervals  of 
time.  These  observations  give  a  curve  from  which  the  reading 
corresponding  to  the  mean  current  (time-average  of  the  current) 
can  be  found.  .The  current,  as  calculated  by  the  voltameter, 
corresponds  to  this  reading." 

Fig.  15  shows  a  desiccator,  snch  as  is  referred  to  in 
the   extract   from   the  Board  of   Trade    Reports.     The 

Lord  Kelvin  and  Lord  Rayleigh  the  Royal  Society ;  Prof.  Carey 
Foster  and  Mr.  Glazebrook  the  British  Association ;  and  Dr.  J. 
Hopkinson  and  the  Author  the  Institution  of  Electrical  Engineers. 
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platinum  bowl  K  (Fig.  14)  is  placed  on  the  triangle  T 
(Fig.  15),  resting  on  the  rim  of  a  vessel  v,  containing 
strong  sulphuric  acid,  calcium  chloride,  or  other  water- 
absorbing  substance,  and  the  whole  is  covered  over  with 
a  glass  bell-jar  G. 

To  obtain  a  uniform  adherent  deposit  of  silver,  it  is  de- 
sirable, as  already  stated,  that  the  cathode  should  possess 


Fig.  15.— Desiccator  Used  with  the  Silver  Voltciineter. 

about  30  square  centimetres  of  surface  for  every  ampere 
passing.  Hence,  if  a  large  current  of  several  hundred 
amperes  had  to  be  measured  by  means  of  a  silver  volta- 
meter, the  apparatus  would  necessarily  be  large  and 
costly.  In  the  voltametric  measurements  of  large 
currents,  therefore,  it  is  usual  to  replace  the  platinum 
bowl  and  the  silver  disc  by  copper  plates,  and  the  solution 
of  silver  nitrate  by  one  of  copper  sulphate. 
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If  a  number  of  voltameters  containing,  for  example, 
solutions  of  silver  nitrate,  copper  sulphate,  zinc  sulphate, 
&c.,  respectively,  be  placed  in  series,  and  a  current  be 
sent  through  them  for  a  certain  time,  the  weights  of  the 
metals  deposited  on  the  cathodes  of  the  respective  volta- 
meters, or  the  weights  of  the  other  constituents  of  the 
respective  salts  set  free  at  the  anodes  (and  acting  on  the 
material  of  the  anodes,  or  on  the  liquid  in  the  neigh- 
bourhood of  the  anodes),  are  approximately  proportional 
to  the  chemical  equivalents.  Thus,  since  the  atomic 
weights  of  silver,  copper,  and  zinc  are  respectively 
107-94,  63-44,  and  65 -38,  and,  since  silver  is  monatomic 
while  copper  and  zinc  are  diatomic,  it  follows  that,  as  an 
ampere  is  the  current  that  deposits  0-001118  gramme  of 
silver  per  second,  the  weights  of  copper  and  zinc  that 
will  be  deposited  per  second  per  ampere  are  respectively 
about 

1         63*44 

-  x  —  X  0-001118  or  0-0003286  gramme, 

and 

-  x  T^TT  x  0-001118  or  0-0003386  gramme. 

The  first  quantitative  experiments  on  "  electrolysis" 
the  name  given  to  electric  decomposition,  were  carried 
out  by  Faraday  in  1833,  and  although  he  found  that 
the  proportion  of  the  weights  of  different  substances 
liberated  by  a  given  current  flowing  for  a  certain  time 
differed  scmetimes  by  as  much  as  2  per  cent,  from 
the  ratio  of  their  chemical  equivalents,  he  attributed 
this  to  inaccuracy  in  his  experiments.  He,  therefore, 
concluded  that  the  "  electrochemical  equivalents  "  of  sub- 
stances were  directly  proportional  to  their  chemical 
equivalents.  We  now  know,  however,  that  although 
this  law  is  very  nearly  true  it  is  not  absolutely  so. 

Among  the  many  investigations  that  have  been  con- 
ducted for  comparing  the  rates  of  deposit  of  copper  and 
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silver  the  most  complete  is  probably  that  carried  out  by 
Prof.  T.  Gray.  He  finds  that  the  amount  of  copper 
deposited  per  second  per  ampere  varies  somewhat  with 
the  size  of  the  cathode  and  the  temperature  of  the  copper 
sulphate  bath.  If,  however,  the  anode  and  cathode 
plates  have  each  an  area  of  about  50  square  centimetres 
per  ampere  passing,  and  if  the  solution  in  the  bath  be 
formed  by  dissolving  pure  copper  sulphate  in  distilled 
water  until  the  density  becomes  1  '18,  and  afterwards 
adding  about  1  per  cent,  of  sulphuric  acid,  the  weight 
of  copper  deposited  per  second  per  ampere  is  very 
approximately  0*0003286  gramme,  and  is  but  little 
affected  by  temperature.* 

It  will  be  observed  that  the  weight  of  silver  deposited 
per  second  per  ampere  in  a  silver  voltameter  is  nearly 
four  times  as  great  as  the  weight  of  copper  deposited  in  a 
copper  voltameter.  This  reason  would  alone  render  the 
silver  voltameter  much  to  be  preferred  for  the  measure- 
ment of  small  currents. 

Although  the  deposition  of  copper  is  now  frequently 
employed  for  the  measurement  of  large  currents  it  must 

*  The  following  table  gives  a  summary  of  the  results  obtained  by 
Prof.  T.  Gray  (Phil.  Mag.,  Vol.  XXV.,  page  179)  :— 

TABLE  I. 

ELECTROCHEMICAL  EQUIVALENTS  OP  COPPER  IN  GRAMMES  PER 
SECOND  PER  AMPERE. 


Area  of 

Cathode  in 
Square 
Centimetres 
per  Ampere 

Tempera- 
ture, 
2°C. 

Tempera- 
ture, 
12°C. 

Tempera- 
ture, 
23°C. 

Tempera- 
ture, 
28°C. 

Tempera- 
ture, 
35°c! 

of  Current. 

50 

•0003288 

•0003287 

•0003286 

•0003286 

•0003282 

100 

•0003288 

•0003284 

•0003283 

•0003281 

•0003274 

150 

•0003287 

•0003281 

•0003280 

•0003278 

•0003267 

200 

•0003285 

•0003279 

•0003275 

•0003268 

•0003252 

250 

•0003283 

•0003278 

•0003275 

•0003268 

•0003252 

300 

•0003282 

•0003278 

•0003272 

•0003262 

•0003245 
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not  be  forgotten  that  the  definition  of  the  ajnpere  in  the 
Order  in  Council  is  based  on  the  amount  of  silver,  and 
not  on  the  amount  of  copper,  deposited  per  second. 
Hence,  while  experience  has  convinced  us  that  the  current 
which  deposits  O'OOlllS  gramme  of  silver  per  second  in 
a  silver  voltameter,  constructed  and  used  as  above  de- 
scribed, will  also  deposit  very  approximately  0-0003286 
gramme  of  copper  per  second  in  a  copper  volta- 
meter, when  constructed  as  described  by  Prof.  Gray, 
it  is  to  be  remembered  that,  should  more  accurate 
experiments  show  us  that  this  number  0-0003286 
ought  to  be  slightly  changed,  such  a  change  will 
only  modify  the  result  arrived  at  by  Prof.  Gray,  and 
will  not  affect  the  value  of  the  ampere  as  now  defined 
by  law. 

A  current  of  one  ampere,  when  passed  through  a 
solutipn  of  dilute  sulphuric  acid,  decomposes  about 
0-00009326  gramme  of  the  liquid  per  second.  The  acid 
in  the  voltameter  may  be  conveniently  diluted  with 
water  until  the  specific  gravity  of  the  mixture  is  about 
1*1,  which  corresponds  with  a  mixture  of  about  15  per 
cent,  by  weight  of  pure  sulphuric  acid  at  15°C. 

The  volume  of  mixed  gas  (oxygen  and  hydrogen)  that 
is  produced  per  second  by  the  decomposition,  correspond- 
ing with  a  current  of  one  ampere,  is  about  0'1733  cubic 
centimetre,  when  the  temperature  at  which  the  gas  is 
evolved  is  0° Centigrade,  and  the  atmospheric  pressure 
that  of  76  centimetres  of  mercury.  When  the  tempera- 
ture is  C°Centigrade,  and  the  height  of  the  barometer  h 
centimetres,  the  volume  of  gas  evolved  by  one  ampere 
in  one  second  is  about — • 

0-1733  x  76  x  (273  +  C°) 

-  cubic  centimetres. 


Example  1. — How  many  amperes  would  deposit  5 
grammes  of  copper  in  half  an  hour,  the  current  being 
supposed  constant? 
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0  0003286  gramme  is  deposited  in  1  second  by  1  ampere. 
.  •  .  5  grammes  are  deposited  in  1  second  by 


.0-0003286 

Hence  5  grammes  are  deposited  in  30  x  60  seconds  by 
_  5 
0-0003286  x  30  x  60  amPeres' 

Answer.  —  About  8  -453  amperes. 

Example   2.  —  How  many  grammes  of  copper  would 
be  deposited  by  a  steady  current  of  40  amperes  acting 
for  5  hours  1 
1  ampere  acting  for  1  second  deposits  0*0003286  gramme, 

therefore  40  amperes  acting  for  60  x  60  x  5  seconds 
deposit     0-0003286  x  40  x  60  x  60  x  5  grammes. 

Answer.  —  About  23  6  -6  grammes. 

Example  3.  —  How  many  amperes  would  deposit  9 
grammes  of  copper  in  2J  hours,  the  current  being  con- 
stant? Answer.  —  About  3-043  amperes. 

Example  4.  —  How  many  grammes  of  copper  would 
be  deposited  by  a  steady  current  of  1*5  ampere  acting 
for  16  seconds'?  Answer.  —  About  0*007886  gramme. 

Example  5.  —  How  many  grammes  of  sulphuric  acid 
would  be  decomposed  by  a  steady  current  of  12  amperes 
acting  for  one  hour?  Answer.  —  About  4*029  grammes. 

Example  6.  —  A  current  is  passed  through  two  volta- 
meters in  succession,  the  plates  in  one  being  of  silver, 
and  in  the  other  of  copper.  After  the  current  has 
ceased  a  deposit  of  2-03  grammes  of  silver  is  found 
in  the  former  voltameter.  How  much  copper  has 
been  deposited  in  the  latter? 

Answer.  —  0-597  gramme. 

Example  7.  —  If  the  mixed  gas  produced  in  a  sul- 
phuric acid  voltameter  be  at  20°C.,  and  the  barometer 
stand  at  77*5  centimetres,  what  volume  of  gas  would 
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be  produced  in  half  a  minute  by  a  steady  current  of 

18  amperes? 

1  ampere  in  1  second  produces  about 

0-1733  x  76  x  (273  +  20) 

— ; jj— —  cubic  centimetres  or  gas, 

therefore  18  amperes  in  30  seconds  produce  about 

0-1733x76x293x18x30 

-  cubic  centimetres  of  gas. 

77*5  x  273 

Answer. — About  98-5  cubic  centimetres  of  gas. 

Example  8. — If  the  temperature  of  the  mixed  gas  in 
a  sulphuric  acid  voltameter  be  19° -5  C.,  and  the  height 
of  the  barometer  75  centimetres,  what  current  would  pro- 
duce 50  cubic  centimetres  of  mixed  gas  in  one  minute  1 
Answer. — About  4-43  amperes. 

Example  9. — A  silver  voltameter  and  a  copper  volta- 
meter are  arranged  like  C2,  C3,  in  Fig.  13,  so  that  the  main 
current  divides  between  them.  A  steady  current  of  3 
amperes  is  kept  flowing  in  the  main  circuit  for  one  hour, 
and  it  is  then  found  that  the  deposit  of  copper  in  the 
copper  voltameter  is  0'4  gramme.  "What  is  the  deposit 
of  silver  in  the  other  voltameter  ? 

Answer. — About  10*71  grammes. 

7.  Definition  of  the  Direction  of  the  Current.— 
The  next  thing  to  define  is  the  direction  of  the  current, 
which,  as  already  explained,  can  only  be  done  in  a 
conventional  way.  In  the  case  of  a  sulphuric  acid  volta- 
meter, we  have  hitherto  only  spoken  of  the  total  quantity 
of  gas  given  off  at  both  platinum  plates,  but  if  'these 
gases  be  collected  in  separate  tubes,  as  can  very  con- 
veniently be  done  in  the  Hoffmann's  voltameter  (Fig.  16), 
then  it  is  found  that  at  one  of  the  plates  P  oxygen  gas  is 
given  off,  and  at  the  other  P  hydrogen,  and  the  current 
is  said  to  travel  through  the  liquid  towards  the  plate  at 
,which  the  hydrogen  is  given  off,  or  the  current  flows 
through  the  liquid  with  the  hydrogen.  Hence,  in  the 
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Hoffmann's  voltameter,  shown  in  Fig.   16,  the  current 

would  be  said  to  flow  through  the  liquid,  in  the  short 

horizontal  tube,  from  right  to  left. 

The  gases  are  evolved  exactly 
in  the  proportions  in  which  they 
have  to  be  combined  together  to 
form  water — viz.  two  (or  more 
accurately  2-00245  at  15°C.)  vol- 
umes of  hydrogen  and  one  of 
oxygen.*  So  that  the  electrolytic 
action  effected  by  sending  a  cur- 
rent from  one  platinum  plate  to 
another  in  dilute  sulphuric  acid, 
is  exactly  the  same  as  if  the 
water  had  simply  been  decom- 
posed. That  sulphuric  acid  must 
be  added  to  distilled  water  in 
order  that  an  electric  current 
may  flow  through  it  and  produce 
oxygen  and  hydrogen,  may  easily 
be  shown  experimentally ;  but 
we  are  not  sure  of  the  exact 
action  of  the  sulphuric  acid.  It 
may  be  that  the  sulphuric  acid 
has  to  be  added  merely  to  make 
the  non-conducting  distilled  water 
more  conducting,  in  order  that  it 
may  become  possible  to  send  a 
strong  current  through  the  mix- 
ture by  means  of  an  ordinary 
battery ;  or  it  may  be  that  it  is 
the  sulphuric  acid  that  is  decom- 
posed by  the  current,  and  that 

the  water  is  decomposed  by  a  secondary  chemical  action. 

*  That  the  gases  are  hydrogen  and  oxygen  can  be  proved  by  the 
fact  that  on  turning  the  stop- cocks  S,  s,  the  one  gas  H  when  lighted 
will  burn  with  a  pale  blue  flame,  and  the  other  o  will  ignite  a 
glowing  piece  of  wood. 


16.  —  Hoffmann's 
phuric  Acid  Voltameter. 
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In  the  latter  case  the  action  would  be  represented    in 
chemical  symbols  as  follows  : — 

Electrical  decomposition  H2S04  =  H2  +  SO4. 

Subsequent  chemical  action  H20  +  SO4  =  H2SO4  +  O. 

Whichever  may  be  the  true  explanation,  the  effect  of 
the  electrolysis  of  dilute  sulphuric  acid  is  that  about  two 
volumes  of  hydrogen  come  off  at  one  platinum  plate  and 
one  volume  of  oxygen  at  the  other,  and  the  weights  of 
the  hydrogen  and  oxygen  gas  liberated  per  second  per 
ampere  are  about  0-00001043,  and  0-00008285  gramme 
respectively.  (See  note,  page  62.) 

If  an  acid,  a  silver,  a  copper,  and  a  zinc  voltameter 
be  all  joined  together,  so  that  the  same  current  passes 
through  them,  then  it  will  be  found  that  the  hydrogen 
in  the  first,  the  silver  in  the  second,  the  copper  in 
the  third,  and  the  zinc  in  the  fourth,  all  travel  in 
the  same  direction ;  so  that  if  through  the  liquid 
in  an  acid  voltameter  the  current  be  said  to  go 
in  the  direction  in  which  the  hydrogen  travels,  then 
through  the  liquids  in  a  silver,  a  copper,  and  in 
a  zinc  voltameter,  it  must  be  said  to  go  in  the 
direction  in  which  the  silver,  the  copper,  and  the  zinc 
travel.  Or  generally  the  current  in  a  voltameter  may 
be  said  to  travel  vcith  the  metal  from  the  anode  towards 
the  cathode,  hydrogen  behaving  in  this  respect,  and,  as 
is  well  known,  in  other  respects,  like  a  metal. 

The  components  into  which  an  "  electrolyte "  is 
decomposed  by  the  passage  of  a  current  are  called 
"ions"  and  the  ion  which  travels  with  the  current  is 
called  the  "  electropositive  ion"  while  the  one  which 
travels  against  the  current  is  called  the  "  electronegative 
ion." 

With  the  definition  given  above  of  the  direction  of  a 
current  we  find  that  if  a  compass  needle,  ns  (Fig.  17), 
be  pivoted  so  as  to  turn  in  a  plane  at  right  angles  to  the 
plane  of  the  paper,  and  a  current  flow  along  any  wire, 
A  B  c  D,  which  is  in  the  plane  of  the  paper,  then  the 
c 
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north-seeking  end  *  of 
the  compass  needle  will 
come  towards  the  ob- 
server if  the  current- 
flow  round  the  wire  in 
the  direction  indicated 
by  the  continuous  arrow 
—  that  is,  counterclock- 
wise ;  whereas  the  south- 
seeking  end  of  the  needle 
will  come  towards  the 
observer  if  the  current 

flow  in  the  direction  of  the  dotted  arrow — that  is,  clockwise. 
Similarly,  if  AB   (Fig.   18)  be  any  bit   of    wire    in 

the  plane   of   the  paper,   the  north-seeking  end  of  the 

needle  (n,  say)  will  come 

towards    the    observer   if 

the    current    flow    along 

this  bit   of  wire,  A  B,  in 

such     a     direction     that 

A  B     may     be     regarded 
•  as    forming     part    of    a 

counterclockwise     circuit 

round  the  needle. 

Therefore,  in  the  upper 

three  of  the  illustrations 

of    Fig.    1 9,    the    end   n  Fig.  is. 


*  The  il north-seeking"  end  of  a  magnet  is  the  one  that  points 
towards  the  geographical  north.  The  simple  expression  "north  "  end 
is  confusing,  since  in  England  it  refers  generally  to  the  end  of  a 
magnet  that  points  to  the  north,  while  in  France  it  refers  to  the  end 
that  points  to  the  south,  the  French  using  that  definition  because  that 
end  is  attracted  by  the  earth's  magnetism  situated  in  the  southern 
hemisphere,  and  the  unlike  ends  attract  one  another.  Calling  the  ends 
of  magnets  "  red'1''  and  "  blue"  is  equally  confusing,  as  some  people 
use  one  of  these  two  colours,  and  others  the  other  colour,  to  stand  for 
the  same  end.  As,  however,  the  north-seeking  end  of  a  magnet  is 
usually  marked  by  instrument -makers  with  a  scratch  or  a  cut,  it 
would  probably  be  best  to  call  the  north-seeking  and  "  south-seeking  " 
ends  of  a  magnet  the  *"' marked  end"  and  "unmarked  end  "  respectively. 
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will  come  towards  the  observer,  while  in  the  lower  three 
it  will  be  the  end  s  that  will  come  out  towards  the 
observer. 


Fig.  19. 

Or,  again,  if  a  wire  conveying  a  current  be  coiled 
round  a  piece  of  iron  shown  end-on  to  an  observer,  then 
the  end  of  the  iron  nearest  him  'will  act  as  the  north- 
seeking  end  of  a  magnet  when  the,  current  appears  to  the 
observer  to  jlow  round  the  u'ire  in  a  counterclockwise 
direction.  If  the  observer  now  look  at  the  other  end  of 
the  bar,  he  will  of  course  see  the  south-seeking  end,  and 
in  his  new  position  the  current  will  now  appear  to  him 
to  flow  round  the  wire  in  the  same  direction  as  that  in 
which  the  hands  of  a  clock  go  (or  clockwise).  The 
relative  magnetic  polarity  of  the  iron  bar  and  the 
direction  m  of  the  current,  as  indicated  by  the  arrows, 
are  shown  in  Fig.  20. 

The  magnetic  polarity  of  the  end  of  an  iron  bar 
round  which  a  current  is  flowing  does  not  depend  on 
whether  the  current  is  flowing  from  the  left  to  the 
right-hand  end  of  the  bar,  as  in  the  first  of  Fig.  20, 
or  from  the  right  to  the  left-hand  end,  as  in  the  last  of 
Fig.  20 ;  but  merely  on  the  direction  the  current  flows 
round  the  bar.  Now,  in  spite  of  the  difference'  of  the 
winding  of  the  wire  on  the  first  arid  last  of  Fig  20,  it 
will  be  found  that  in  both  cases,  if  the  bar  be  looked  at 


36 


PRACTICAL    ELECTRICITY. 


Chap  I. 


Fig.  20. 


end-on  from  the  right,  the  current  is  clockwise,  whereas 
if  the  bar  be  looked  at  end-on  from  the  left  the  current 
is  counterclockwise. 

Perhaps  the  simplest  method  for  remembering  the 
connection  between  the  magnetic  polarity  of  an  iron 
bar  and  the  direction  in  which  a  current  circulates 
round  it  is  that,  if  a  current  circulates  round  the 
bar  in  the  direction  in  which  the  handle  of  a  cork- 
screw (Fig.  21)  is  turned  when  the  corkscrew  is 
screwed  down  or  up,  the  point  of  the  screw  will 
move  towards  the  north-seeking  magnetic  end  of  the 
iron  bar 
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Example  10. — A  compass  needle  is  supported  under 
a  telegraph-wire  running  north  and  south.     How  will 
the  needle  deflect  if 
a  strong  current  flow 
through  the  wire  to- 
wards the  south  1 

Ansiver.  —  The 
north  -  seeking  end 
of  the  needle  will 
turn  towards  the 
e^st. 

Example  11. — A 
flat  vertical  con- 
ductor is  fastened 
against  a  wall,  and 
in  front  is  suspended 
a  magnetic  needle 
pivoted  so  as  to  turn 
on  a  vertical  plane 
parallel  to  the  wall. 
The  north  -  seeking 
end  of  the  needle 
is  weighted  so  that 
the  needle  stands 
vertically  when  no 
current  is  flowing. 
Which  way  must  a 
current  flow  in  the 
conductor  to  make 
the  upper  end  of 
the  needle  point  to 
the  right  ^ 

Answer. — Down- 
wards. 

Example  12. — 
Draw  an  arrow  on 

the  movable  card  of  a  compass,  so  that  when  the  com- 
pass is  placed  above  a  horizontal  conductor  conveying 
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a  strong  current  the  arrow  will  indicate  the  direction 
of  the  current. 


Answer. — 


8.  Objection  to  the  Usual  Mode  of  Constructing 
Voltameters. — The  sulphuric  acid  voltameters,  as  usually 
pictured  in  books,  which  are  still  the  only  forms 
obtainable  at  some  shops,  are  extremely  unsuitable 
for  practical  use,  as  it  is  troublesome,  after  the  tubes 
in  which  the  gas  is  collected  are  full  of  gas,  to  fill 
them  with  liquid  again  for  a  new  experiment. ~x~  The 
apparatus  shown  in  Fig.  16,  page  32,  is  very  convenient 
when  it  is  required  to  collect  the  oxygen  and  hydrogen 
separately,  but  it  has  the  inconvenience  that,  the 
platinum  plates  being  small  and  far  apart,  it  requires 
the  employment  of  several  galvanic  cells  to  make  the 
gas  come  off  quickly.  For,  although  the  quantity  of 
gas  produced  in  a  given  time  by  the  same  current 
is  practically  independent  of  the  shape  and  size  of 
the  plates,  the  ease  with  which  this  current  can 
be  generated  depends  very  materially  on  the  size 
of  the  plates  and  their  distance  apart,  and  if  we 
wish  to  produce  chemical  decomposition  quickly,  we 
ought  to  have  the  plates  large  and  very  near  to- 
gether, and  the  liquid  employed  ought  to  contain 
something  like  33  per  cent,  of  strong  sulphuric  acid 

*  The  improved  forms  of  voltameters  described  in  §  9  have  been 
adopted  by  certain  instrument-makers  since  the  first  appearance  of 
this  book. 
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by  weight,  the    mixture   having   a   specific   gravity    of 
about  1-25  at  15°C.* 

9.  Description  of  Practical  Forms  of  Sulphuric 
Acid  Voltameters. — In  Fig.  22  is  shown  a  very  convenient 
form  of  voltameter,  designed  by  the  author,  consisting 
of  a  glass  vessel  closed  at  the  top  with  an  indiarubber 
stopper  I,  and  containing  moderately  dilute  sulphuric 
acid.  The  two  platinum  plates  P  are  held  together  by 
indiarubber  bands,  but  prevented  from  touching  one 
another  by  small  pieces  of  glass  tubing  put  between  the 
plates  at  the  top  and  bottom,  or  to  save  the  expense  of 
thick  platinum  plates,  two  pieces  of  thin  platinum  foil 
may  be  used,  stuck  at  the  bottom  with  bicycle,  or  other 
suitable,  cement,  to  a  piece  of  glass  tube,  the  weight  of 
which  causes  the  two  pieces  of  foil  to  hang  vertically, 
and  therefore  at  the  same  distance  apart  all  the  way 
down.  Wires  coated  with  gutta-percha,  to  prevent 

*  The  following  table  gives  the  specific  gravities  of  several  mixtures 
of  pure  sulphuric  acid  and  distilled  water  : — 

TABLE    II. 


Percentage  H2  S04  by 
weight. 

Percentage  H2  804  by 
volume. 

Specific  gravity  at  15°C. 

100 

100 

1-843 

90 

83 

1-822 

80 

68-3 

1-734 

70 

55-9 

1-615 

60 

44-9 

1-501 

50 

35-2 

1-398 

40 

26-6 

1-306 

30 

18-9      . 

1-223 

27 

16-7 

1-20 

26 

16-0 

1-19 

25 

15-3 

118 

23-5 

14-3 

1-17 

22 

13-2 

1-16 

21 

12-6 

1-15 

20 

12-0 

1144 

15 

8'7 

1-106 

10 

57 

1-068 

40 
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their  being  corroded  by  acid  being  spilt  over  them, 
or  better  still,  platinum  wires  go  from  the  plates,  one 
to  the  "  key "  K  (which  is  raised  up  above  the  general 
level  of  the  apparatus  to  prevent  its  being  corroded 
by  drops  of  acid),  and  the  other  wire  to  one  of  the 
terminal  binding  screws  seen  in  the  figure.  On  pressing 

down  K,  the  current 
produced  by  a  genera- 
tor attached  by  wires 
to  the  two  binding 
screws,  seen  at  the 
right  -  hand  side  of 
the  figure,  is  allowed 
to  pass  through  the 
apparatus.  The  gas 
which  is  generated  is 
unable  to  escape  from 
the  vessel  when  the 
pinch-cock  c  is  closed, 
and  accordinglyforces 
the  liquid  up  the 
graduated  tube  t. 
This  tube  passes  air- 
tight through  the 
indiarubber  stopper  i, 
reaches  nearly  to  the 
bottom  of  the  vessel, 
and  terminates  at  the 

upper  end  in  a  thistle  funnel  F,  so  that  if  the  current  is 
by  accident  kept  on  for  a  longer  time  than  is  necessary 
to  cause  the  liquid  to  rise  to  the  top  of  the  graduated 
tube,  the  liquid  collects  in  the  funnel  instead  of  spilling 
over.  This  tube  is  also  sloped  so  that  the  rise  of  liquid 
in  the  tube  may  increase  the  pressure  of  the  gas  in  the 
upper  part  of  the  voltameter  as  little  as  possible.*  The 

*  If  the  vessel  be  full  of  liquid  so  that  there  is  no  gas  between 
the  top  of  the  liquid  and  the  indiarubber  stopper  I  at  the  commence- 
ment of  the  experiment,  the  error  arising  from  the  compression  of  the 
gas  produced  by  the  rise  of  liquid  in  the  tube  t  may  be  neglected. 


Fig.  22. — Improved  Form  of  Sulphuric  Acid 
Voltameter. 
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second  tube  might  be  simply  terminated  with  a  piece  of 
indiarubber  tubing  closed  with  a  spring  pinch-cock,  c,  on 
opening  which  the  gas  is  allowed  to  escape,  and  the 
liquid  runs  back  out  of  the  tube  t.  If  this  is  done 
suddenly,  however,  there  is  a  tendency  for  small  particles 
of  the  liquid  to  be  jerked  out  of  the  lower  tube.  To  pre- 
vent these  particles  being  thrown  on  to  the  stand  of  the 
apparatus,  the  tube  is  carried  up,  and  its  end  is  bent  over 
into  the  thistle  funnel  F. 

Instead  of  observing 
the  distance  the  liquid 
travels  up  the  graduated 
tube  t  (Fig.  22)  in  a  given 
time,  we  may  notice  the 
time  it  takes  to-  travel 
from  a  certain  fixed 
mark  at  one  end  of  the 
tube  to  another  fixed 
mark  at  the  other.  In 
other  words,  instead  of 
measuring  the  volume  of 
gas  produced  in  a  given 
time,  we  may  measure 
the  time  taken  to  pro- 
duce a  given  volume. 
And  since  for  different 

currents  the  times  taken  for  the  same  volume  of  gas 
to  be  produced  must  be  inversely  as  the  volumes  of  gas 
produced  in  the  same  time,  we  can  deduce  the  former 
by  employing  a  tube  which  has  not  been  subdivided 
into  equal  volumes,  but  only  has  two  marks  on  it. 

With  that  method  of  using  a  voltameter  to  measure 
currents  there  is  no  necessity  for  the  tube  to  be  long,  since 
it  can  be  conveniently  expanded  into  a  bulb  B  (Fig.  23), 
and  great  sensibility  can  be  combined  with  compactness 
by  the  bore  of  the  tube  being  made  small  at  the  places 
where  are  the  reference  marks  ml  and  m  above  and 
below  the  bulb. 
0* 


Fig.  23.— Lat 


>r  Form  of  Sulphuric  Acid 

Volt;  i  meter. 
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The  spring  pinch-cock  c  should  not  be  left  squeezing 
the  indiarubber  tube  of  the  voltameter  (Figs.  22  and 
23)  when  the  instrument  is  out  of  use,  for  constant 
pressure  on  the  sides  of  the  tube  causes  it  to  acquire  a 
permanent  set  and  prevents  it  from  regaining  its  circular 
form  when  the  pinch-cock  is  removed. 

10.  Relative  Advantages  of  Voltameters  and  Gal- 
vanometers.— The  disadvantage  of  employing  a  volta- 
meter for  the  practical  measurement  of  currents  is,  that 
it  requires  a  strong  current  to  produce  any  visible 
decomposition  in  a  reasonable  time.  Even  the  current 
of  one  ampere,  which  is  about  three  times  that  used  in  an 
ordinary  8-candle  incandescent  lamp,  would  require  about 
two  hours,  fifty-eight  minutes,  and  forty-two  seconds  to 
decompose  one  gramme  of  dilute  sulphuric  acid,  whereas 
the  weak  currents  used  in  telegraphy,  and,  still  more, 
the  far  weaker  currents  used  in  testing  the  insulating 
character  of  specimens  of  guttapercha,  indiarubber,  &c., 
might  pass  for  many  clays  through  a  sulphuric  acid  volta- 
meter without  causing  any  noticeable  amount  of  chemical 
decomposition.  Indeed,  not  to  mention  the  enormous 
waste  of  time,  and  the  difficulty  of  keeping  the  current 
strength  which  it  was  desired  to  measure  constant  all 
this  time,  the  leakage  of  the  gas  which  would  take  place 
at  all  parts  of  the  apparatus  that  were  not  hermetically 
sealed,*  would  render  such  a  mode  of  testing  quite  futile. 
Hence,  although  the  voltametric  method  is  the  most 
direct  way  of  measuring  a  current  strength,  and  although 
it  is  constantly  employed  for  measuring  the  large 
currents  now  used  industrially,  still  the  very  fact  that 
the  amount  of  chemical  decomposition  produced  in  a 
given  time  by  a  certain  current  is  independent  of  the 
shape  or  size  of  the  instrument,  makes  it  impossible 
to  increase  its  sensibility.  Consequently  some  other 

*  A  glass  vessel  is  said  to  be  hermetically  sealed  when  any  opening 
that  previously  existed  in  it  has  been  closed,  by  heating  the  glass 
round  the  opening  until  it  becomes  soft  and  sticky,  and  pressing  the 
edges  together. 
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apparatus  must  be  employed  for  practically  measuring 
small  currents,  and  the  law  of  the  apparatus — that  is, 
the  connection  between  the  real  strength  of  the  current 
and  the  effect  produced  in  the  apparatus — must  be 
experimentally  ascertained  by  direct  comparison  with  a 
voltameter. 

But  if  we  are  going  to  compare  together  the  indica- 
tions of  the  two  instruments  produced  by  various  currents, 
the  second  instrument  cannot  be  much  more  sensitive  than 
the  first ;  what  advantage,  therefore,  can  arise  from  em- 
ploying  an  instrument  as  unsensitive  as  a  voltameter1? 
This  leads  us  to  the  fact  that  it  is  very  much  more  diffi- 
cult to  increase  the  sensitiveness  of  voltameters  than  of 
"galvanometers"*  We  might  increase  the  magnitude 
of  the  indications  of  a  voltameter,  such  as  that  shown  in 
Fig.  22,  by  using  a  tube  t  of  very  small  bore,  or  by 
putting  several  such  voltameters  in  series,  and  collecting 
the  gases  given  off  by  each  into  one  vessel ;  but  we  cannot 
by  either  of  these  means  succeed  in  constructing  a  volta- 
meter which  possesses  anything  like  the  sensibility  that 
can  be  very  easily  given  to  a  galvanometer. 

The  indications  of  any  measuring  instrument  may  be 
increased  in  three  distinct  ways.  As  an  illustration,  let 
us  consider  an  ordinary  spring-balance,  like  the  one 
attached  to  the  apparatus  B  in  Fig.  7,  page  11.  We 
may,  in  the  first  place,  use  a  microscope,  or  we  may  fit 
the  balance  with  a  wheel  and  pinion,  or  employ  some 
other  magnifying  arrangement  to  render  the  extension 
of  the  spring  more  apparent;  or  the  electromagnet  may 
be  so  constructed,  either  by  employing  more  iron  or  by 
putting  more  convolutions  of  wire  round  its  limbs,  so 
that  the  pull  on  the  "keeper"  or  armature  a  (Fig.  7), 
caused  by  passing  a  given  current  round  the  coils  of 

*  While  a  "  galvanoscope  "  is  the  name  given  to  an  instrument  used 
for  ascertaining  whether  a  current  is  flowing,  or  merely  which  of  two 
currents  is  the  stronger,  a  "  galvanometer  "  is  the  name  given  to  an 
instrument  by  means  of  which  the  relative  strengths  of  currents  can 
be  compared.  Any  galvanoscope  when  calibrated  becomes  a  more  or 
less  sensitive  galvanometer. 
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wire,  is  increased ;  or,  lastly,  we  may  use  a  weak  spring 
in  the  balance,  so  that,  for  a  given  pull  on  the  keeper, 
the  movement  of  the  index  may  be  large. 

Each  of  these  three  methods  can  be  applied  with 
great  success  to  galvanometers.  In  the  first  place,  the 
sensitiveness  may  be  increased  by  using  a  long  pointer, 
and  the  pointer  may  be  made  light,  and  therefore  easily 
moved,  by  forming  it  of  a  very  fine  glass  tube  or  of  a 
narrow  strip  of  some  light  substance  like  aluminium. 
But  the  best  of  all  methods,  and  therefore  the  one 
employed  with  very  sensitive  galvanometers,  consists  in 
using  a  ray  of  light  several  feet  long,  but,  of  course,  quite 
weightless.  The  sensibility  of  a  galvanometer  can  also 
be  made  large  by  winding  the  bobbins  with  very  many 
turns  of  very  fine  wire  (see  page  16) ;  also  by  placing  the 
bobbins  very  near  the  suspended  needle.  Friction  can  be 
diminished  by  suspending  the  little  magnet  with  a  thin 
fibre  of  untivisted  silk.  And  lastly,  by  employing  a  very 
weak  "controlling  magnet"  or  by  putting  it  at  some 
distance  from  the  galvanometer,  the  "  torque  "  *  required 
to  turn  the  needle  can  be  reduced  to  a  very  small  amount, 
and  therefore  a  considerable  deflection  can  be  produced 
by  an  extremely  weak  current. 

And  SQ  successful  have  been  the  various  attempts  to 
increase  the  indications  of  galvanometers  that  it  is  now 
possible  to  measure  accurately  an  electric  current  which 
is  so  small  that  it  would  have  to  flow  for  a  million  years 
through  a  voltameter  before  it  produced  as  much  chemical 
action  as  a  current  of  one  ampere  could  produce  in  a 
single  hour. 

Now,  experiment  shows  that  a  galvanometer  of  a 
particular  shape  and  size,  and  with  a  definite  magnetic 
needle,  acted  on  by  a  definite  controlling  force,  produced, 
say,  by  the  earths  magnetism,  or  by  some  fixed  perma- 
nent magnet,  has  a  perfectly  definite  law  connecting  the 

*  Torque  is  the  tendency  that  any  system  of  forces  lias  to  cause  a 
boclv  to  turn,  so  that  torque  bears  the  same  relation  to  turning  that 
a  j'orce  has  to  motion  in  a  straight  line. 
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magnitude  of  the  deflection  with  the  strength  of  the  current 
producing  it,  although  the  absolute  value  of  the  current 
in  amperes  necessary  to  produce  any  particular  deflection 
can  be  increased,  or  diminished,  by  using  thick  wire  and 
fewer  turns,  or  fine  wire  and  more  turns,  to  make  a  coil  of 
the  same  dimensions.  If,  for  example,  with  a  particular 
gauge  of  wire  employed  to  fill  up  the  bobbin  it  requires 
2f-  times  as  many  amperes  to  produce  a  deflection  of  40° 
as  it  requires  to  produce  a  deflection  of  20°,  then  if  a 
much  finer  gauge  of  wire  be  employed  to  fill  the  bobbin 
there  will  still  be  required  2-f-  times  as  many  amperes 
to  produce  a  deflection  of  40°  as  are  required  to  pro- 
duce a  deflection  of  20°.  But  in  the  second  case  10100 
of  an  ampere  may  be  all  that  is  required  to  produce  the 
20°  deflection,  whereas  five  amperes  may  be  required  to 
produce  the  same  deflection  in  the  first.  The  law  of  the 
instrument  remains  the  same,  although  its  sensibility 
has  been  increased  5,000  times  by  using  finer  wire  to  wind 
on  the  bobbin. 

Thus,  while  we  may  take  advantage  of  the  absolute 
character  of  the  amount  of  chemical  action  to  furnish  us 
with  our  "standard  current  meter"  we  can  avail  our- 
selves of  the  variation  that  can  easily  be  made  in  the 
deflection  of  a  galvanometer  needle  corresponding  with 
the  same  current,  to  furnish  us  with  instruments  of 
greater  and  greater  degrees  of  delicacy. 

11.  Meaning  of  the  Relative  and  the  Absolute 
Calibration  of  a  Galvanometer. — Two  distinct  things 
are  required  to  be  known  with  reference  to  a  particular 
galvanometer — first,  the  law  connecting  the  various 
deflections  with  the  relative  strength  of  the  currents 
required  to  produce  them  ;  secondly,  the  absolute  values 
of  the  currents — that  is,  the  number  of  amperes  required 
for  the  same  purpose — or,  what  is  sufficient  if  the  first 
has  been  ascertained,  the  number  of  amperes  required  to 
produce  some  one  deflection.  The  first  is  sometimes 
called  the  "relative  calibration"  the  second  the  "absolute, 
calibration  "  of  the  galvanometer. 
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A  galvanometer  with  its  bobbin  wound  with  thick 
wire  may  be  compared  directly  with  a  voltameter,  and 
the  relative  calibration  of  the  galvanometer  determined ; 
then  if  the  same  space  on  the  bobbin  be  wound  with  any 
other  gauge  of  wire  the  relative  calibration  of  the 
galvanometer  will  be  the  same,  and  therefore  known, 
provided  that  neither  the  length  of  the  suspended  magnet 
nor  the  law  of  the  controlling  force  is  in  any  way 
altered.  Or  if  a  galvanometer  wound  with  thick  wire 
be  compared  with  a  voltameter,  and  its  absolute  calibra- 
tion determined,  and  if,  further,  the  law  of  change  of 
sensibility  with  gauge  of  wire  has  also  been  ascertained 
experimentally,  then  the  absolute  calibration  of  the  same 
galvanometer,  when  wound  with  any  gauge  of  wire, 
filling  the  same  space,  will  be  known  without  further 
experiments,  provided  that  the  length  of  the  suspended 
magnet  and  the  magnitude  of  the  controlling  force  remain 
unaltered. 

12.  Experiment  for  Calibrating  a  Galvanometer 
Relatively  or  Absolutely. — Fig.  24  shows  a  voltameter, 
V,  connected  up  with  a  galvanometer,  G,  and  a  "  set  oj 
resistances"  each  consisting  of  a  coil  of  wire  with  its  ends 


Fig.  24.— Calibrating  a  Galvanometer  by  Comparison  with  a  Voltameter. 
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connected  with  two  successive  terminals,  tlt  22,  &c. 
These  coils  are  wound  on  bobbins,  and  are  placed  under- 
neath the  base  board  to  which  the  whole  of  the  apparatus 
is  fixed,  and  by  means  of  which  it  can  be  bodily  carried 
from  place  to  place  (from  the  laboratory  to  the  lecture- 
room,  for  example,  for  demonstration  to  a  class).  The 
magnitude  of  the  current  is  altered  by  joining  the 
wire,  w}  to  the  various  terminals,  £lt  £2,  £3,  &c.,  on  the 
base  board.  T,  T  are  the  main  terminals,  or  binding 
screws,  to  which  the  wires  coming  from  the  current 
generator  are  attached. 

It  may  be  noticed  that  in  the  particular  experiment 
shown  in  Fig.  24  it  is  quite  unnecessary  to  know  the 
length  or  gauge  of  the  wire  that  has  been  wound  on 
the  various  bobbins ;  nor  is  it  at  all  necessary  that  all 
the  coils  should  be  made  of  the  same  length  or  thickness 
of  wire,  since,  whatever  resistance  be  inserted  in  the  circuit, 
the  current  that  passes  through  the  voltameter  is  the 
same  as  the  current  that  passes  through  the  galvanometer, 
so  that  the  variation  in  strength  of  the  current  is  known 
from  the  voltameter  observations,  and  not  from  the 
length  of  wire  that  has  been  introduced  into  the  circuit. 
Indeed,  the  resistances  in  this  experiment  may  be  dis- 
pensed with  altogether  when  there  is  any  other  easy 
mode  of  altering  the  current  strength  by  using,  for 
example,  different  numbers  of  "cells"  or  a  different  kind  of 
battery  to  produce  the  current,  but  in  practice  this  result 
is  generally  most  easily  attained  by  the  use  of  a  set  of 
resistance  coils. 

The  calibration  might  be  performed  by  observing  for 
a  number  of  different  currents  the  rise  of  the  liquid  in 
the  graduated  tube  of  a  voltameter  in  a  given  time,  and 
the  corresponding  steady  deflection  of  the  needle,  or  of 
the  pointer,  of  the  galvanometer.  But  more  accurate 
observations  can  be  made  if,  instead  of  observing  the 
different  lengths  of  the  tube  through  which  the  liquid 
rises  in  a  given  time  corresponding  with  the  different 
currents  used,  the  times  be  noted  during  which  the  liquid 
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rises  through  a  given  volume  —  viz.  that  between  the  two 
marks  m^  m%  of  the  voltameter  tube  (Figs.  23,  24).  A 
calculation  can  then  be  made  of  the  rate  at  which  gas  is 
evolved  by  the  current,  and  from  this  the  strength  of  the 
current  in  amperes  can  be  found.  Thus,  let  V  be  the 
volume,  in  cubic  centimetres,  of  the  bulb  B  (Figs.  23,  24) 
between  the  marks  mlt  w2,  and  suppose  the  strength  of 
the  current  be  such  that  it  takes  s  seconds  for  the  liquid 
to  rise  from  the  mark  ml  to  the  mark  m2,  then  the 
number  of  cubic  centimetres  of  gas  generated  by  the 
current  in  every  second  is 

V 

—  cubic  centimetres. 
s 

Now,  one  ampere  liberates  0-1733  cubic  centimetre  of  gas 
at  standard  temperature  and  pressure,  and  if  we  suppose 
the  actual  temperature  to  be  18°C.,  and  the  height  of 
the  barometer  to  be  750  millimetres,  it  follows  from  the 
expression  given  on  page  29  that  the  number  of  cubic 
centimetres  of  gas  liberated  per  second  by  one  ampere  is 


Hence  the  current  is  — 

0-^-  ampere, 

When  the  actual  current  in  amperes  producing  any  given 
deflection  is  ascertained  in  this  manner,  the  galvanometer 
is  said  to  be  calibrated  absolutely. 

If,  however,  the  volume  V  of  the  bulb  B  be  unknown, 
or  if  the  tube  of  the  apparatus  shown  in  Fig.  22  be 
divided  into  portions  having  equal  volumes,  but  of 
unknovm  value  in  cubic  centimetres,  or,  what  is  ap- 
proximately the  same  thing  in  the  case  of  a  well-drawn 
tube,  if  the  divisions  merely  mark  off  equal  lengths  of 
the  tube,  then  the  result  of  the  experiment  will  merely 
give  the  relative  calibration  of  the  galvanometer. 
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The  galvanometer,  which  is  seen  more  in  detail  in 
Fig.  25,  consists  in  this  case  of  a  vertical  circular  coil  of 


Fig.  25. — Tangent  Galvanometer,  showing  Various  Modes  of  Supporting  the 
Fibre. 

With  A  the  needle  can  be  moved  sideways  by  sliding  the  roller  R  in  the  spring 
clips  K,  s,  and  can  be  raised  or  lowered  by  turning  this  roller.  With  B  the  pin  p 
is  held  by  a  single  set  screw  s  instead  of  between  two  brass  plates,  as  shown  in 
the  complete  galvanometer.  With  C  the  pin  p  is  held  by  a  set  screw  s  in  a 
support  made  with  a  ball  top  B.  This  fits  in  thu  hole  h  in  the  plate  i  und  forms  a 
ball  and  socket,  so  that  the  needle  can  be  accurately  centred.  The  ball  and 
socket  joint  is  clamped  to  the  semicircular  support  A  with  the  screw  .s. 


wire,  G.  at  tlie  centre  of  which  a  very  short   magnetic 
needle,  n  s,  is  suspended  by  a  fibre  of  unspun  silk,  the 


50  PRACTICAL    ELECTRICITY.  [Chap.  I. 

height  of  the  needle  being  adjusted  by  raising  or  lowering 
the  pin,  p,  which  is  finally  clamped  in  position  by  the 
screw  s.  Other  methods  of  supporting  the  fibre  so 
that  it  may  be  easily  raised  or  lowered,  and  in  the 
case  of  two  of  them  moved  horizontally,  are  shown  in 
Fig.  25.  Rigidly  attached  to  the  needle  is  a  long,  very 
light  pointer,  pp,  made  of  thin  aluminium,  or  brass  wire, 
or,  best  of  all,  of  a  fine  thread  of  glass,  the  position  of 
which  is  read  off  on  a  horizontal  scale  fixed  just  below 
the  centre  of  the  coil.  If  the  end  of  the  pointer  be  close 
to  the  scale,  the  error  due  to  "parallax"  will  be  avoided—- 
that is,  the  error  arising  from  looking  at  the  pointer 
sideways,  and  so  causing  its  end  to  appear  to  be  over  a 
part  of  the  scale  a  little  to  the  right  or  a  little  to  the 
left  of  its  true  position.  As  this,  however,  is  liable  to 
lead  to  one  or  other  of  the  ends  of  the  pointer  touching 
the  scale,  if  the  instrument  be  not  very  well  made  and 
carefully  levelled,  it  is  better  to  avoid  parallax  by  fasten- 
ing the  scale  (which  in  this  case  takes  the  form  of  a  mere 
circular  ring)  to  a  disc  of  looking-glass,  and  by  the  observer 
always  taking  care,  when  taking  a  reading,  to  hold  his 
head  so  that  the  pointer  exactly  hides  its  reflection  in  the 
looking-glass  underneath  it.  If  that  condition  be  fulfilled, 
the  distance  of  the  scale  from  the  pointer  is  immaterial. 

The  particular  form  of  galvanometer  shown  in  Figs. 
24  and  25  is  the  one  whose  theory  is  fully  described  in 
the  next  chapter,  but  it  is  to  be  observed  that  any  form 
of  galvanometer  could  be  calibrated  relatively  or  abso- 
lutely by  comparison  with  a  voltameter  in  the  way  just 
described  without  its  being  necessary  to  know  anything 
about  the  way  in  which  the  galvanometer  is  constructed. 

13.  Graphically  Recording  the  Results  of  an  Ex- 
periment.— The  results  of  this  experiment,  and  indeed  of 
all  experiments,  are  best  recorded  graphically  by  points 
on  a  sheet  of  squared  paper, *  that  is,  paper  subdivided 

*  Prior  to  the  commencement  of  the  courses  at  the  Finsbury 
Technical  College,  in  1879,  squared  paper  was  practically  used  in 
England  only  for  the  recording  of  results  of  original  experiments. 
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into  a  number  of  small  squares,  by  a  large  number  of 
straight  lines  drawn  at  right  angles, to  one  another.  The 
distances  of  the  points  measured  horizontally  from  o  Y 
(Fig.  26)  should  be  taken  to  represent  the  deflections  on 
the  galvanometer  G,  and  the  distances  of  the  same  points 
measured  vertically  from  o  x  the  corresponding  amounts 
of  gas  produced  in  a  given  time — that  is,  the  correspond- 
ing values  of  the  current. 

It  may  be  asked  how  distances  along  a  line  can  re- 
present the  angular  deflections  on  a  galvanometer,  or 
the  amount  of  gas  produced  in  a  given  time.  What  is 
meant  is  this  :  the  line  o  x  is  subdivided  into  a  number 
of  equal  divisions  by  the  ruling  on  the  squared  paper ; 
one,  or  any  convenient  number,  of  these  subdivisions  is 
taken  arbitrarily  to  stand  for  1°,  then  any  deflection  is 
represented  by  this  number  of  divisions  that  we  have 
arbitrarily  taken  to  stand  for  1°,  multiplied  by  the 
number  of  degrees  of  the  deflection.  Similarly  one,  or  any 
convenient  number,  of  the  divisions  along  o  Y  is  taken 
arbitrarily  to  stand  for  one  cubic  centimetre  of  gas  liber- 
ated per  minute,  then  any  number  of  cubic  centimetres 
liberated  per  minute  in  a  test  will  be  represented  by 
the  number  of  divisions  along  o  Y  that  has  been  taken  to 
stand  for  one  cubic  centimetre  per  minute,  multiplied 
into  the  number  of  cubic  centimetres  liberated  in  that 
test  per  minute. 

If  the  galvanometer  is  being  calibrated  only  relatively 
the  unit  volume  of  gas  may  be  that  of  unit  length  of  the 
tube  or  its  whole  volume,  and  in  that  case  a  convenient 
number  of  divisions  along  o  Y  will  be  taken  to  represent 
one  such  volume  of  gas  liberated  per  minute. 

And  as  these  results,  rather  than  the  training  of  the  experimenter, 
were  the  most  important  part  of  the  investigation,  the  paper  was 
very  accurately  divided,  and  sold  at  a  high  price  totally  out  of  the 
reach  of  students.  It  became,  therefore,  necessary  to  have  squared 
paper  specially  made,  cheap,  and  at  the  same  time  sufficiently  accu- 
rately divided  for  students'  purposes ;  and  such  paper,  machine-ruled, 
can  now  be  obtained  at  between  a  farthing  and  a  halfpenny  per  sheet, 
or  at  about  one-twentieth  of  the  cost  of  the  older  squared  paper. 
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In  the  same  way  a  curve  may  be  drawn  to  record  the 
height  of  the  barometer  from  hour  to  hour,  or  the  variation 
in  the  price  of  some  commodity  from  day  to  day,  or  the 
depth  of  the  sea  from  point  to  point  along  some  section 
of  the  ocean,  and  generally  to  give  a  picture  of  the  way 
in  which  any  two  things  vary  with  one  another. 

In  selecting  the  scale — that  is,  in  determining  the 
number  of  divisions  along  o  x  or  along  o  Y — that  is  to  be 
taken  to  represent  1°  deflection,  or  unit  volume  of  gas 
liberated  per  unit  of  time  in  the  preceding  experiment, 
we  must  remember  that  it  is  desirable  that  the  curve, 
which  we  are  about  to  draw,  shall  be  as  large  as  possible, 
since  the  larger  it  is  the  more  accurately  we  can  draw 
it.  The  scale  should,  therefore,  be  so  selected  that  the 
maximum  deflection  of  the  galvanometer  that  has  been 
used  in  the  experiment  should  be  represented  by  nearly 
the  whole  of  o  x,  and  the  corresponding  maximum 
quantity  of  gas  developed  in  the  given  time  by  nearly 
the  whole  of  o  Y,  since  with  this  arrangement  the  curve 
would  occupy  nearly  the  whole  of  the  sheet  of  squared 
paper.  For  example,  suppose  that  the  length  o  x  is 
divided  by  the  ruling  of  the  paper  into  170  equal  divi- 
sions, and  o  Y  into  100,  and  suppose  that  the  maximum 
galvanometer  deflection  was  79°,  and  that  when  that 
deflection  was  produced  the  liquid  ascended  from  the 
zero  mark  at  the  bottom  of  the  tube  to  the  top  mark  in 
22  seconds,  then,  if  one  minute  be  the  fixed  time  decided 
011,  the  most  suitable  scales  for  distances  measured  along 
o  x  and  along  o  Y  would  be  selected  as  follows  : — 

=  2-15  divisions  along  ox  per  1°. 

60 

•—r  =  2-7  volumes  of  the  tube  per  minute. 

100 

— -  =  37  divisions  along  o  Y  per  volume 

'  of  the  tube  per  minute. 
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2-15  divisions  per  1°  would,  however,  be  a  little  awk- 
ward to  employ  when  deflections  of  17°,  29|-°,  &c.,  had 
to  be  represented  ;  2  divisions  per  1°  would  therefore  be 
better.  37  divisions  along  o  Y,  to  represent  one  volume 
of  the  tube  per  minute,  would  just  enable  the  maximum 
rate  of  liberation  of  the  gas,  corresponding  with  2 '7 
volumes  of  the  tube  in  the  minute,  to  be  represented  by 
the  whole  of  o  Y  ;  but  37  divisions  for  unit  rate  of  liber- 
ation would  be  a  little  awkward  to  employ  when  other 
rates  had  to  be  represented ;  probably,  therefore,  30 
divisions  along  o  Y,  to  stand  for  the  unit  rate,  would  be 
more  convenient. 

Having  obtained  a  sufficient  number  of  points  by 
experiment,  a  curve  should  be  drawn  connecting  these 
points.  Such  a  curve  can  be  drawn  by  bending  an 
elastic  piece  of  wood,  and  holding  it  so  as  to  pass  as 
nearly  as  possible  through  all  the  points  that  are  plotted 
on  the  squared  paper  to  record  the  results,  and  then 
using  the  bent  piece  of  wood  as  a  ruler,  along  which  to 
draw  a  line.  A  better  way  is  to  bend  a  piece  of 
soft  brass  strip,  bit  by  bit,  until  the  edge  of  the  strip 
passes  through  the  average  position  of  the  points. 

Unless,  however,  the  experiment  has  been  performed 
with  great  accuracy — to  attain  which  requires,  not  merely 
the  careful  attention  of  those  engaged  in  making  the 
experiment,  but  a  certain  amount  of  practice  in  experi- 
menting— it  must  not  be  expected  that  a  curve  so  drawn 
will  pass  through  all  the  points ;  some  of  them,  b,  are 
sure  to  be  a  little  too  low,  meaning  that  the  deflection  on 
the  galvanometer  has  been  read  too  high,  or  that  the  risa 
of  liquid  in  the  graduated  tube  has  been  read  too  low, 
from,  perhaps,  an  error  having  been  made  in  taking  the 
time,  or  from  the  current  not  having  been  kept  on  for  a 
sufficient  time  before  the  pinch-cock  c  (Figs.  22,  23,  24) 
was  closed  for  the  gas  to  have  commenced  to  come  off 
regularly.  Some  of  the  points  e  (Fig.  26),  on  the  other 
hand,  are  sure  to  be  too  high,  meaning  that  the  deflection 
on  the  galvanometer  has  been  read  too  low,  or  the  rise  of 
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liquid  in  the  graduated  tube  too  high  ;  or  it  may  be  that 
the  experiments  were  fairly  well  made,  and  that  b  and  e 
are  merely  plotted  incorrectly,  and  so  do  not  represent 
the  results  of  the  experiment. 

14.  Practical  Value  of  Drawing  Curves  to  Graphic- 
ally Record  the  Results  of  Experiments. — It  may  be 
asked,  But  is  it  not  possible  that  the  points  b  and  e, 
although  not  on  the  curve,  may  be  quite  correct  ?  The 
answer  is,  No,  because  experience  makes  us  quite  sure 
that  the  connection  between  the  deflection  of  the  galva- 
nometer G  and  the  current  strength  must  be  a  continuous 
one,  and,  therefore,  that  the  points  correctly  representing 
the  true  connection  must  all  lie  on  an  elastic  curve,  or  on 
such  a  curve  as  can  be  obtained  by  bending  a  thin  piece 
of  wood  or  steel,  and,  consequently,  that  if  no  mistake 
has  been  made  in  plotting  the  points  b  and  e,  some  mis- 
take must  have  been  made  in  taking  the  observations. 
But  what  is  even  more  important,  we  are  also  sure  that 
the  points  b'  and  e  on  the  curve,  obtained  by  drawing 
lines  through  b  and  e  respectively  parallel  to  o  Y,  give 
far  more  accurately  the  relative  strengths  of  the  currents 
producing  respectively  the  two  deflections  in  question, 
than  the  currents  obtained  directly  from  the  experiment 
itself.  Drawing  the  curve,  then,  corrects  the  results  ob- 
tained by  the  experiment.  But  it  does  something  more 
than  that — it  gives,  by  what  is  called  "interpolation,"  the 
results  that  would  have  been  obtained  from  intermediate 
experiments  correctly  made;  that  is  to  say,  it  tells  us 
what  would  be  the  relative  strengths  of  the  currents  that 
would  produce  deflections  intermediate  between  the  de- 
flections that  were  actually  observed.  For  example,  sup- 
pose it  be  required  to  know  the  strength  of  current  which 
will  produce  a  deflection  of  41  J°,  for  which  deflection 
no  experiment  has  been  made,  compared  with  that  which 
will  produce  a  deflection  of,  say  28-J°,  for  which  deflection 
also  no  experiment  has  been  made,  then  all  that  is  neces- 
sary is  to  draw  a  line  parallel  to  0  Y,  through  the  point 
A  in  o  x  corresponding  with  41  J°,  similarly  to  draw  a 
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line  parallel  to  o  Y,  through  the  .point  B  in  o  x,  corre- 
sponding with  28J°,  and  observe  the  lengths  of  the  lines 
between  o  x  and  the  points  p  and  Q,  where  they  cut  the 
curve,  then  the  strength  of  the  current  which  produces 
the  deflection  41^°  on  this  particular  galvanometer  bears 
to  the  strength  of  the  current  that  produces  the  deflection 
28J°  the  ratio  of  the  length  A  p  to  the  length  B  Q. 

If  the  curve  is  an  absolute  and  not  merely  a  relative 
calibration  curve,  then  the  scale  on  which  it  is  drawn 
will  be  known,  and  therefore  the  number  of  amperes 
corresponding  with  either  A  P  or  B  Q. 

The  method  of  plotting  the  results  of  experiment  on 
squared  paper,  and  drawing  a  curve  through  them  to 
graphically  record  the  result,  has  a  third  important  use 
in  that,  just  as  a  map  gives  a  better  idea  of  the  shape  of 
a  country  than  pages  of  description,  a  curve  enables  us  to 
see  at  a  glance  the  general  character  of  the  result  obtained. 

For  example,  suppose  that  the  results  obtained  in 
some  particular  calibration  of  a  galvanometer  are  : — 

Deflection.  Relative  Strength  of  Current. 

10  24 

17-3  41-5 

22-8  547 

29-5  70-8 

37*4  89-7 

no  exact  notion  of  the  law  of  the  galvanometer  can  be 
obtained  by  a  glance  at  these  figures ;  but  if  they  be 
plotted  on  squared  paper  a  straight  line  (Fig.  27)  is 
obtained,  and  from  this  we  see  at  once  that  this  particular 
galvanometer  has,  in  some  way  or  other,  been  so  con- 
structed that  the  angular  deflection  of  the  needle  is 
directly  proportional  to  the  strength  of  the  current. 

In  the  great  majority  of  cases  the  angular  deflection 
of  the  needle  of  a  galvanometer  is  not  proportional  to  the 
current  strength,  and  a  calibration  curve  is  then  needed 
to  show  the  connection  between  them.  After  a  little 
experience  the  eye  becomes  accustomed  to  the  peculi- 
arities of  curves,  and  a  glance  at  the  calibration  curve  is 
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then  sufficient  to  convey  much  information  about  the 
instrument  to  which  it  refers.  It  is  always  difficult  for 
anyone  to  grasp  the  meaning  of  a  table  of  figures,  even  if 
it  be  as  simple  as  that  just  given,  but  the  curve  which 
represents  them  is  much  more  readily  understood,  and  its 
chief  characteristics  can  also  be  more  easily  remembered. 


Relative  Strength  oj  Current. 
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Galvanometer    Deflection. 

Fig.  27. 

The  curves  are  rendered  more  expressive  if  they  are 
always  plotted  so  that  the  horizontal  distances,  or 
"  abscissa"  represent  the  values  of  the  thing  easily 
observed — for  example,  the  angular  deflections  of  the 
needle  of  a  galvanometer,  the  hours  of  the  day,  the  days  of 
the  week,  &c. ;  and  the  vertical  distances,  or  "  ordinates" 
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represent  the  values  of  the  variable  quantity  which  it 
is  desired  to  record — for  example,  the  relative  strengths 
of  the  current  producing  these  observed  deflections, 
the  heights  of  the  barometer,  the  price  in  pounds  of 
some  commodity,  &c. 

It  might  at  first  sight  appear  to  be  a  matter  of 
indifference  which  of  the  two  quantities  was  plotted 
horizontally  ;  so  also  the  north  on  a  map  might  be  at  the 
bottom  or  at  either  of  the  two  sides.  But,  just  as 
convention  has  led  to  maps  being  always  drawn  with  the 
north  at  the  top  and  with  the  east  to  the  right  hand,  so 
by  common  agreement  the  values  of  the  previously 
unknown  quantity  are  plotted  vertically,  and  the  values 
of  the  quantity  which  is  assumed  to  vary  regularly  in 
a  known  manner  are  plotted  horizontally.  Hence  in 
graphically  recording  the  temperature  at  different  hours 
of  the  day,  temperature  is  plotted  vertically  and  time 
horizontally  ;  or  in  drawing  a  curve  to  indicate  the  depth 
of  the  Atlantic  at  different  points  between  England 
and  America,  depth  is  plotted  vertically,  and  distance 
measured,  from  either  England  or  America,  along  the 
surface  of  the  sea  horizontally. 

15.  To  Construct  a  Galvanometer  Scale  from  which 
the  Relative  Strengths  of  Currents  can  be  at  once 
Ascertained. — Galvanoscopes,  and  even  cheap  galvano- 
meters, are  frequently  constructed  with  scales  divided 
simply  into  degrees,  so  that  it  is  generally  impossible 
by  the  mere  inspection  of  the  deflections  produced  by 
different  currents  to  determine  the  exact  relative  strengths 
of  these  currents.  If  a  calibration  curve  has  been  drawn 
from  the  results  of  previous  tests,  the  relative  strengths 
of  any  currents  can,  of  course,  be  ascertained  by  using 
the  curve  to  interpret  the  meaning  of  the  galvanometer 
deflections.  Constant  reference,  however,  to  a  calibration 
curve  or  to  a  table  of  values  leads  to  much  waste  of  time, 
and  therefore,  when  a  galvanometer  is  to  be  used  under 
the  same  general  conditions,  it  is  better  to  construct  a 
scale  with  the  graduation  marks  so  drawn  that  the 
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relative  strengths  of  currents  are  directly  proportional  to 
the  deflections  they  produce  as  measured  by  the  numbers 
on  this  specially  constructed  scale. 

Such  a  scale  may  be  constructed  as  follows  : — Ascer- 
tain from  the  calibration  curve  (Fig.  26)  the  angles  in 
degrees  measured  along  ox,  which  correspond  with 
currents  whose  relative  strengths  are  proportional  to 
10,  20,  30,  &c. ;  that 
is,  with  the  currents 
which  produce  amounts 
of  gas  per  minute, 
measured  along  0  Y, 
proportional  to  these 
numbers.  Then,  by 
means  of  a  protractor 
(Fig.  28),  set  off  these 
angles  on  a  blank  scale 
and  mark  at  the  ends 
of  the  lines  so  drawn 
the  numbers  10,  20, 
30,  &c.,  obtaining  the 
result  seen  in  Fig.  29. 
The  angular  spaces  be- 
tween 0  and  10,  10 

and  20,  20  and  30,  although  of  different  sizes,  correspond 
with  equal  additions  to  the  current,  and  therefore  must 
now  each  be  divided  into  the  same  number  of  parts,  and 
we  obtain  finally  the  scale  shown  in  Fig.  30. 

As  this  scale  is  only  intended  to  give  the  relative 
strengths,  and  not  the  absolute  strengths  of  currents  in 
amperes,  the  numbers  5,  10,  15,  &c.,  or  2,  4,  6,  &c., 
might  have  been  put  instead  of  10,  20,  30,  &c.  If, 
however,  the  first  of  the  larger  angular  spaces  be  taken 
as  10°,  then  it  is  convenient  to  make  that  angular  space 
correspond  with  a  current  called  10,  since  the  sub- 
dividing of  this  angular  space  into  ten  parts  leads  to 
the  smaller  angular  spaces  being  about  1°  each  and, 
therefore,  of  convenient  sizes. 


Fig.  28.—  Protractor  used  in  Subdividing  a 
Galvanometer  Scale. 
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In  subdividing  the  larger  angular  spaces  into  the 
smaller  ones  a  certain  amount"  of  discretion  must  be 
employed.  If  the  ten  parts  into  which  the  space  between 
10  and  20  on  the  scale  was  divided  were  made  exactly 
equal,  and  also  the  ten  parts  into  which  the  space  between 
20  and  30  were  also  made  exactly  equal,  each  of  the 


Fig.  20. 

former  would  be  much  larger  than  each  of  the  latter. 
Hence  at  the  mark  20  there  would  be  a  sudden  jump  in 
the  length  of  the  space  between  two  division  marks  ;  but 
that  must  be  wrong,  since  as  we  pass  along  the  scale  the 
division  marks  must  either  be  equidistant,  or,  if  the 
space  separating  two  adjacent  ones  varies,  the  variation 
must  be  a  gradual  one.  We  must,  therefore,  not  simply 
divide  the  large  angular  space  between  10  and  20  into 
ten  equal  parts,  and  the  smaller  angular  space  between 
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20  and  30  also  into  ten  equal  parts,  but  the  lines  must  be 
judiciously  drawn  so  as  to  make  the  spaces  vary  slowly 
in  length. 

At  the  point  b'  on  the  curve  (Fig.  26,  page  52) 
corresponding  with  the  mark  10  on  the  scale  the  curve  is 
bending  over  so  as  to  become  flatter  than  it  was  near  the 


Fig.  80.— Galvanometer  Scale   Divided  so  that  the   Readings  Represent  the 
Relative  Strengths  of  the  Currents, 

beginning;  hence,  as  we  approach  the  mark  10  from  0, 
the  spaces  separating  pairs  of  division  marks  on  the  scale 
ought  slowly  to  increase.  At  the  point  d  on  the  curve, 
corresponding  with  about  13  J  on  the  scale,  this  change 
of  curvature  ceases  ;  the  curve  becomes  a  portion  of  a 
straight  line,  and  remains  a  straight  line  up  to  a  deflec- 
tion of  about  45°,  corresponding  with  about  the  mark 
20  on  the  scale;  the  division  marks  between  13A  and  20 
should,  therefore,  be  drawn  at  equal  distances.  At  about 
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the  pointy  the  cnr\7ature  begins  again  to  change,  in  this 
case  growing  steeper  ;  consequently  the  division  marks 
ought  to  begin  to  close  up.  This  closing-up  of  the  lines 
on  the  scale  must  go  on  up  to  the  end  of  the  scale 
corresponding  with  the  point  g  on  the  curve,  so  that  the 
length  of  a  space  near  50  on  the  scale  is  somewhat  less 
than  a  space  near  40,  which  is  itself  somewhat  less  than 
a  space  near  30,  and  so  on. 

Note  to  pafjc  33. — The  latest  view  of  the  electrolysis  of  dilute; 
sulphuric  acid 'is  that  the  current  splits  the  acid  up  int j  hydvoxyl 
(OH)  and  ionic  sulphur  dioxide,  according  to  the  formula 

2(H2S04)  =  4  (OH)  -1-  2  (SO.), 

then  that  the  hydroxyl  resolves  itself  into  \vater  and  o:\ygcn.  accord- 
ing to  the  formula 

4(OH)=2(H20)  +  02, 

while  the  sulphur  dioxide  acts  on  the  water,  forming  sulphuric  acid 
and  liberating  hydrogen  according  to  the  formula 

2  (S02  -f  2H20)  =  2  (H.SO.,)  -f  2  (II,). 
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CHAPTER     IT. 

GALVANOMETERS    AND    AMMETERS. 

16.  Distribution  of  Magnetism  in  o,  Permanent  Magnet--! 7.  Mag- 
netic Poles  — 18.  Why  Magnetic  Needles  tend  to  Point  North  and 
South — 19.  Why  a  Galvanometer  Needle  has  a  Given  Deflection  for 
a  Given  Current — 20.  Mapping  out  Lines  of  Force— 21.  Comparing 
the  Relative  Strength  of  the  Different  Parts  of  a  Magnetic  Field— 
22.  Tangent  Galvanometer— 23.  Adjusting  the  Coil  of  a  Tangent 
Galvanometer — 24.  Scale  for  a  Tangent  Galvanometer— 25.  Tan- 
gent Law  —26.  Variation  of  the  Sensibility  of  a  Tangent  Gal- 
vanometer with  the  Number  of  Windings  and  with  the  Diameter 
of  the  Bobbin— 27.  Values  in  Amperes  of  the  Deflections  of  a 
Tangent  Galvanometer  controlled  only  by  the  Earth's  Magnetism 
- — 28.  Magnetometer — 29.  Calibrating  any  Galvanometer  by  Direct 
Comparison  with  a  Tangent  Galvanometer — 30.  Pivot  and  Fibre 
Suspensions— 31 .  Sine  Law — 32.  Employment  of  the  Sine  Principle 
in  Galvanometers — 33.  Construction  of  Galvanometers  in  which 
the  Angular  Deflection  is  directly  Proportional  to  the  Current — 
.34.  Galvanometers  of  Invariable  Sensibility — 35.  Permanent 
Magnet  Ammeter — 36.  Magnifying  Spring  Ammeter — 37.  Gravity 
Control  Ammeters — 38.  Moving  Coil  Ammeters— 39.  Moving  Coil 
Ammeter  with  Magnetic  Control. 

16.  Distribution  of  Magnetism  in  a  Permanent 
Magnet. — Two  magnets,  when  placed  near  together,  are 
found  to  exert  a  force  011  one  another  which  is  an.  attrac- 
tion or  repulsion  according  to  the  way  in  which  one  is 
situated  relatively  to  the  other.  Also,  if  a  piece  of  soft 
iron  is  placed  near  a  magnet  it  is  magnetised  and 
attracted  towards  the  magnet,  and  if  the  iron  is  allowed 
to  touch  the  magnet  a  force  is  required  to  pull  it  away 
again.  The  strength  of  the  force  needed  to  detach  it, 
however,  varies  with  the  part  of  the  magnet  touched, 
and  this  fact  is  expressed  by  saying  that  the  magnetism 
of  the  magnet  is  more  concentrated  at  some  parts  than 
at  others.  The  distribution  of  magnetism  in  an  ordinary 
bar-magnet  may  be  conveniently  measured  with  the 
apparatus  shown  in  Fig.  31,  where  MM  is  the  magnet 
and  B  the  piece  of  soft  iron,  which  may  be  pear-shaped 
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or  made  like  a  ball,  with  a  little  ring  to  attach  it  to 
the  thread.  There  are  several  ways  in  which  the 
force  required  to  detach  the  ball  from  the  magnet 
may  be  measured,  but  the  one  that  has  been  found  very 


Fig.  81. — Apparatus  for  Measuring  the  Distribution  of  Magnetism. 

convenient  in  practice  is  to  support  the  ball  by  a  thread, 
t,  attached  to  the  end  of  one  of  the  "magnifying 
springs,"  s,  devised  by  Professor  Perry  and  the  author  for 
magnifying  a  linear  motion.  This  spring,  a  portion  of 
which  is  seen  enlarged  in  Fig.  32,  is  shaped  like  a  narrow 
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shaving  curled  up  into  a  cylinder  of  small  diameter, 
and,  unlike  an  ordinary  spiral  spring,  it  has  the 
peculiarity  that  for  a,  small  increase  in  length  along  the 
axis  there  is  large  rotation  of  one  end  of  the  spring 
relatively  to  the  other,  the  angle  of  rotation  being  directly 
proportional  to  the  axial  extension  and  to  the  force  which 
is  applied  to  produce  this  extension. 

To  the  lower  end  of  the  mag- 
nifying spring  a  (Fig.  31),  there 
is  attached  a  light  pointer,  p,  and 
the  upper  end  of  the  spring  is 
soldered  to  a  screw,  Q,  which  can 
be  raised  or  lowered  by  turning 
the  nut  N.  The  screw  itself  is 
prevented  from  turning  by  a  pin 
fastened  to  the  bar  A,  sliding  in  a 
vertical  saw  cut  in  the  side  of  the 
screw  Q.  The  graduated  dial  D 
is  carried  by  a  inetal  disc,  at  the 
centre  of  which  is  soldered  a  piece 
of  metal  tube,  which  fits  fairly 
tightly  into  a  hole  in  the  lower 
bar  AJ.  Thus  the  dial  can  be 
easily  turned  by  hand,  so  as  to 
bring  the  2:ero  under  the  pointer  P, 
when  the  magnet  M  M  is  removed, 
and  the  only  force  stretching  the  F'g- ^.-Magnifying  «Pnng. 
spring  is  the  weight  of  the  iron 

ball  B.  Then,  if  the  ball  be  pulled  down  until  it  touches 
the  magnet,  and  the  nut  N  be  then  slowly  turned  until 
the  ball  is  just  pulled  away,  the  angle  through  which 
the  pointer  p  has  then  turned  from  the  zero  is  a  measure 
of  the  force  exerted  to  detach  the  ball. 

The  flat  graduated  bar  G  is  fastened  to  the  base 
board  by  screws  ;  but  as  these  pass  through  slots  cut  in 
the  wooden  bar  G  at  right  angles  to  its  length,  this  bar 
can  be  moved  and  screwed  in  any  desired  position,  and 
so  used  as  a  guide,  to  slide  the  magnet  M  M  against,  when 
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it  is  desired  to  make  a  series  of  measurements  at  points 
along  a  particular  line  on  the  magnet. 

When  we  wish  to  measure  the  force  along  the  edge 
of  the  magnet,  or  along  a  line  on  the  face  of  a  very  thick 
magnet,it  is  desirable  to  begin  by  loosening  the  screws  E,  E, 
which  clamp  the  bar  A  to  the  vertical  uprights  c,  then 
raising  the  bar  A  to  clamp  it  higher  up.  In.  fact,  the 
motion  of  the  bar  A  up  or  down  may  be  regarded  as  a 
coarse  adjus'ment,  and,  the  turning  of  the  nut  N  as  a 
fine  adjustment.  As  parallax  will  be  diminished  by 
keeping  the  distance  between  the  dial  and  the  pointer 
small,  it  is  desirable  to  raise  the  bar  AT  when  the  bar  A 
requires  to  be  moved  up.  To  make  one  adjustment 
sufficient  it  is  convenient  to  connect  the  bars  A  and  A} 
by  tubes  sliding  on  the  uprights  c  c,  as  seen  in  the 
figure,  so  that  the  whole  of  the  measuring  apparatus  can 
be  moved  up  and  down  together  when  the  screws  E,  E 
are  loosened. 

Before  making  a  test  the  face  of  the  magnet  and  the 
lower  surface  of  the  iron  ball  should  be  rubbed  with  fine 
emery-cloth  and  then  wiped  free  from  dust,  and  it  is  to 
be  carefully  remembered  that  all  magnetic  experiments  on 
the  force  of  detachment  are  much  affected  by  the  character 
of  the  surfaces  of  contact.  It  is  therefore  desirable  to 
make  each  experiment  several  times. 

If  experiments  be  made  at  points  equidistant  from 
one  another  all  along,  say,  the  central  line  of  the  magnet, 
it  will  be  found  that  the  force  exerted  by  the  magnet  on 
the  ball  is  very  large  towards  each  end,  rapidly  diminishes 
as  we  approach  the  centre,  and  becomes  practically 
nought  at  the  middle  of  the  magnet.  If  similar  experi- 
ments be  conducted  along  a  line  parallel  to  the  long  edge 
of  the  magnet,  but  much  nearer  to  one  edge  than  the 
other,  similar  results  will  be  obtained,  bub  the  forces  at 
the  ends  of  the  magnet  will  be  even  greater  than  before. 
If  the  magnet  be  "  uniformly  magnetised,"  the  attraction 
of  the  iron  ball  will  not  indicate  any  difference  between 
the  forces  at  two  points  similarly  situated  relatively  to 
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the  two  ends  of  the  magnet ;  but  if  we  approach  our  bar 
magnet,  M  M,  to  a  suspended  compass  needle,  we  find  that 
the  north-seeking  end  of  the  compass  needle  is  attracted 
by  one  end  of  the  bar  magnet  and  repelled  by  the  other, 
and  so  for  the  south-seeking  end  of  the  compass  needle. 

Hence,  although  the  forces  exerted  on  a  piece  of  soft 
iron  at  points  symmetrically  situated  relatively  to  the 
two  ends  of  a  uniformly  magnetised  steel  bar  are  the 
same  in  every  respect,  the  forces  exerted  by  the  two  ends 
of  the  large  magnet  on  one  end  of  a  compass  needle  are 
opposite  in  character. 

17.  Magnetic  Poles. — The  experiment  just  described 
shows  that  the  magnetic  force  exerted  by  a  magnet  on  a 
piece  of  soft  iron  is  greatest  near  the  ends  of  the  magnet, 
although  every  part  of  the   magnet  exerts  some  force. 
Now  it  is  found  that  the  longer  a  magnet  is  compared 
with  its  breadth,  the  more  concentrated  is  the  magnetism 
towards  its  ends ;  and  when  the  magnet  is,  like  a  needle, 
very  long  and  thin,  all  the  force  which  it  is  capable  of 
exerting  is  due  to  the  action  of  the  magnetism  present 
at  the  two  extreme  points  of  the  needle.     These  points 
at  which  the  magnetism  is   concentrated  are  called  the 
"  magnetic  poles  "  of  the  magnet,  and  the  line  joining  the 
poles  is  called  the  "  magnetic  axis  "  of  the  magnet. 

18.  Why  Magnetic  Needles  tend  to  Point  North 
and  South. — If  a  piece  of  magnetised  steel,  ns  (Fig.  33), 
be  balanced  in  a  paper  stirrup,  P,  and  be  suspended  by 
a  fibre  of  unspun  silk  so  that  the  steel  wire  or  bar  is  free 
to  turn  horizontally,  it  Avill  be  found  that  its  axis  points 
towards  a  magnetic  pole  held  near  it.      This  is  because 
the  poles  of  the   suspended  bar  are  acted  on  by  forces 
due  to  the  neighbouring  pole.     This  action  is  an  attrac- 
tion in  the  case  of  one  of  the  ends  of  the  suspended  bar, 
and  a  repulsion  in  the  other.     In  the  same  way,  due  to 
the   "magnetic  field"  exerted  by  the  earth,  the  poles  of 
any  magnet  are  acted  upon  by  a  magnetic  force  which  is 
directed  northwards  for  one  and  southwards  for  the  other 
pole.     This  force  always  exists,  whether  the  magnet  be 
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fixed  or  movable,  and  whether  it  is  pointing  northwards 
or  in  any  other  direction ;  but  if  the  magnet  be  free  to 
move  easily,  so  that  it  can  be  turned  by  the  application 
of  a  comparatively  small  force,  and  if  it  be  acted  on  by 
the  earth's  magnetism  alone,  the  axis  of  the  suspended 
magnet  is  found  to  place  itself  north  and  south,  and 
always  with  one  particular  end  of  the  magnet  towards 


Fig.  33. 

the  north,  which  is  therefore  called  the  "  north-seeking  " 
end  or  pole  of  the  magnet. 

If  this  test  be  made  with  various  magnets,  first  with 
one  and  then  with  the  other,  care  being  taken  that  the 
suspended  magnet  be  not  near  any  of  the  others,  the 
north-seeking  end  of  each  magnet  can  be  successively 
found  and  marked  for  future  reference.  Now,  if  any  one 
of  the  magnets  be  suspended,  and  the  ends  of  one  of  the 
other  magnets  be  brought  respectively  near  the  ends  of 
the  suspended  magnet,  it  will  be  found  that  marked  poles 
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or  unmarked  poles  repel  one  another,  while  a  marked 
and  an  unmarked  pole  attract  one  another.  Hence  we 
are  led  to  the  general  rule  that  similar  jioles  repel, 
dissimilar  attract. 

19.  Why  a  Galvanometer  Needle  has  a  Given 
Deflection  for  a  Given  Current. — A  body  moves,  or 
changes  the  character  of  its  motion,  only  when  a 
mechanical  force  is  exerted  upon  it.  A  magnetic  needle 
which  is  free  to  turn  is  found  to  deflect  whenever  a  wire 
through  which  a  current  of  electricity  is  flowing  is  brought 
near  it,  unless  the  wire  be  placed  exactly  at  right  angles 
to  the  suspended  needle  and  the  current  be  flowing  in 
one  particular  direction  along  the  wire.  Hence  this 
deflection,  which  always  occurs  except  in  the  case  just 
mentioned,  must  take  place,  because  in  some  way  or 
other  a  conductor  carrying  an  electric  current  exerts  a 
force  on  the  poles  of  a  magnetic  needle. 

If  there  be  no  other  magnetic  force  acting  on  the 
needle  than  that  due  to  the  current,  the  needle,  if  free  to 
turn,  will  place  itself  at  right  angles  to  the  wire  conveying 
the  current,  the  north-seeking  or  marked  pole  (as  was 
seen  in  §  7,  page  34,  Chapter  I.)  coming  towards  the 
observer  if  the  current  flows  in  such  a  direction  as  to 
form  part  of  a  counterclockwise  circuit  round  the  needle. 

If,  in  addition  to  the  forces  acting  on  a  needle  due  to 
the  current,  there  be  other  forces  due  to  one  or  more 
magnets,  weights  or  springs,  &c.,  then  the  needle,  if  free 
to  turn  in  any  direction,  will  place  itself  along  the 
resultant  of  all  the  forces.  And  consequently  the  law  of 
a  particular  galvanometer — that  is,  the  law  connecting 
the  strength  of  the  current  with  the  magnitude  of  the 
deflection — depends  on  the  way  in  which  the  direction  of 
the  resultant  force  varies  with  the  current  flowing  through 
the  galvanometer  coil. 

If,  instead  of  allowing  the  magnetic  needle  to  deflect 
more  and  more  as  the  current  is  increased,  it  is  always 
held  in  the  same  position  relatively  to  the  coil  by  the 
application  of  a  force,  the  law  of  the  instrument  becomes 
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very  simple,  for  as  long  as  the  current  does  not  become 
so  strong  as  to  alter  the  magnetism  of  the  needle  the 
strength  of  the  current  is  directly  proportional  to  the  force 
that  has  to  be  exerted  to  keep  the  needle  at  rest  relatively 
to  the  coil;  and  this  simple  law  is  true  whatever  be 
the  size  and  shape  of  the  coil,  and  whatever  be  its  position 
relatively  to  the  magnetic  needle.  " 

But  with  small  currents  the  force  exerted  on  an 
ordinary  magnet  is  too  feeble  to  enable  the  current  to  bo 
easily  measured  by  measuring  a  force,  and  consequently 
with  galvanometers  the  needle  is  generally  allowed  to 
deflect,  and  the  magnitude  of  the  current  is  ascertained 
from  the  amount  of  the  needle's  deflection. 

If  the  magnetic  field  controlling  the  motion  of  the 
needle  and  tending  to  bring  it  back  into  the  zero  position 
be  that  produced  by  the  earth,  the  force  acting  on  the; 
end  of  the  magnet  will  be  the  same  both  in  magnitude  ;md 
direction  for  all  positions  of  the  magnet  within  a  limited 
space,  say  that  of  an  ordinary  room.  Such  a  Held  is 
called  a  "uniform  magnetic  field,"  and  it  can  be  produced 
not  only  by  the  earth,  but  by  a  magnet  put  far  away. 
The  magnetic  field,  for  example,  produced  inside,  say,  the 
space  of  a  cubic  inch  by  a  magnet  put  a  few  feet  away, 
will  be  practically  uniform.  A  very  weak  magnet  put 
at  a  distance  of  an  inch  may  produce  as  powerful,  or  even 
a  more  powerful,  effect  than  a  strong  magnet  at  a  distance 
of  several  feet.  The  former,  however,  will  not  produce  a 
uniform  field  throughout  a  space  of  even  a  cubic  inch. 
The  condition,  then,  for  the  magnetic  field  throughout  a 
space  being  a  uniform  one  is  that  the  linear  dimensions 
of  the  space  are  small  compared  with  the  distance  of  the 
magnet  from  the  nearest  point  of  the  space  in  question. 

And  in  exactly  the  same  way,  as  long  as  we  are 
dealing  with  a  space  of,  say,  a  few  thousand  cubic  feet, 
the  gravitational  force  with  which  a  body  is  pulled  to  the 
earth  is  constant  both  in  magnitude  and  direction.  But 
when  the  body  is  removed  from  England  to  America  this 
is  no  longer  the  case. 
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20.  Mapping  out  Lines  of  Force. — The  apparatus 
seen  in  Fig.  34  enables  us  to  map  out  the  field  produced  by 


a  current  flowing  round  a  circular  coil,  G,  by  scattering 
iron  filings  over   paper  laid  on  a  horizontal  table,  T  T, 
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passing  through  the  centre   of  the  vertical  coil,  and  by 
gently  tapping  the  paper  to  assist  the  filings  in  over- 


coming friction.     The  paper  itself  is  held   firmly  to  the 
table  by  the  spring  clips,  c,  c,  c,  c. 

There  are  various  easy  ways  of  fixing  these  curves 
marked  out  by  the  iron  filings,  and  so  enabling  a  record 
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to  be  kept  of  the  "  lines  offeree,"  from  which  we  can  at 
once  see  the  position  in  which  a  little  compass  needle 
will  place  itself  when  put  anywhere  in  the  magnetic 
field.  One  of  the  simplest  is  to  soak  the  paper  in  wax 
before  using  it ;  then,  after  the  tilings  have  been  lightly 


«/.••'.•/<! i :.  .•:•.>•. -V.-.-/J. •.•..;.:•.'.•..••_.•  •/ 
Fig.  27.— Horse  Shoe  Magnet  with  Curved  Iron  Pole  Pieces. 

scattered  and  the  paper  gently  tapped  in  order  to  assist 
the  filings  in  taking  up  their  proper  positions,  to  warm 
the  paper  with  the  flame  of  a  Bunsen  gas-burner  moved 
quickly  over  it.  The  wax  is  thus  melted,  and  the  filings 
stick  to  it  when  it  becomes  cool  and  hard  again. 

Figs.  35,  36,  37,  and  37a  show  the  lines  of  force  thus 
obtained    with    a   straight    magnet,    with    two    straight 
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magnets  placed  end  on  with  poles  of  the  same  name  near 
one  another,  and  with  two  horse-shoe  magnets.  The 
horse-shoe  magnets  have  fitted  to  them  curved  pole 
pieces  of  soft  iron,  and  with  the  second  one  there  is  in 
addition  a  cylinder  of  soft  iron  placed  between  the  pole 


Fig.  37a.— Horse  Shoe  Magnet  with  Curved  Iron  Pole  Pieces ;  the  Magnet  nas 
also  an  Iron  Cylinder  between  the  Poles. 

pieces  to  render  the  lines  of  force  more  or  less  radial,  a 
result  of  great  value  in  certain  cases  {see  Moving  Coil 
Ammeters,  §  38.  page  144). 

For  instructions  regarding  sifting  and  using  iron 
filings  see  the  Appendix,  page  565. 

The  direction  of  the  lines  of  force  may  in  this  and 
in  other  similar  cases  be  traced  out  by  using  a  small 
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compass  needle,  n  s  (Fig.  38)  ;  for  at  an}7  particular  spot 
where  this  little  compass  may  be  put  the  needle  places 
itself  so  that  its  axis  is  a  tangent  to  the  line  of  force  at 
that  spot. 

A  sheet  of  paper  having  been  placed  on  the  horizontal 
table,  and  fixed  by  means  of  the  spring  clips,  the  little 
compass  is  placed  at  some  particular  spot,  and  as  soon 


Fig.  38. — Mapping  Out  the  Lines  of  Force  with  a  Compass  Needle. 

as  the  needle  has  come  to  rest  a  point  is  marked  with 
a  pencil  close  to  each  end  of  the  needle  n,  s.  The 
compass  is  then  removed  and  these  two  points  joined 
with  a  straight  line  ;  next,  the  compass  is  placed  a  little 
farther  on,  so  that  the  n  end  of  the  needle  is  close  to  the 
point  formerly  occupied  by  its  s  end.  A  second  little 
line  is  now  drawn  joining  points  2  and  3,  and  thus  by 
drawing  a  number  of  such  adjacent  little  lines  we  have  a 
line  of  force  marked  out  by  a  large  number  of  its  chords 
The  compass  method  of  tracing  out  lines  of  force  is, 
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of  course,  a  much  more  lengthy  one  than  that  of  using 
iron  filings,  but  it  gives  far  more  accurate  results,  since 
the  friction  resisting  the  compass  needle  taking  up  the 
right  position  is  very  small  compared  with  that  between 
the  filings  and  the  paper  on  which  they  are  scattered. 
Also,  unless  the  filings  be  scattered  extremely  sparsely, 
the  magnetism  induced  in  them  sensibly  disturbs  the 
magnetic  field,  so  that  they  indicate,  not  the  magnetic 
(ield  due  to  the  coil  alone,  but  the  magnetic  field  due  to 
the  coil  as  disturbed  by  the  presence  of  a  large  number 
of  little  magnets. 

Further,  it  is  important  to  remember,  when  mapping 
out  a  field  due  to  a  magnet,  or  to  a  coil  carrying  a  cur- 
rent, and  especially  when  the  delicate  compass  method  is 
employed,  that  the  result  can  only  be  correct  when  no 
other  magnet  is  near  enough  to  produce  a  disturbance. 
Close  to  the  magnet,  or  coil,  under  test  the  disturbance 
will  be  small,  unless  the  disturbing  cause  be  very  near  or 
very  powerful ;  but  at  some  distance  from  the  magnet,  or 
coil,  under  test  the  force  which  is  being  examined  is  itself 
so  small  that  its  direction  and  magnitude  may  be  seriously 
altered,  unless  care  be  taken  to  eliminate  all  disturbing 
magnetic  actions  such  as  that  of  the  earth,  Arc.  To  test 
whether  this  condition  is  fulfilled  remove  the  magnet 
whose  field  is  to  be  examined  away  to  some  distance,  or 
stop  the  current  passing  through  the  coil  if  it  be  the 
magnetic  field  due  to  a  coil  that  is  being  investigated,  and 
examine  whether  the  compass  needle,  when  placed  any- 
where in  the  area  under  examination,  shows  no  tendency 
to  place  itself  in  one  position  more  than  another — that 
is,  shows  that  it  is  not  acted  on  by  any  directive  force. 

In  order  to  arrive  at  this  state  of  things  it  is  clear 
that  the  earth's  magnetic  force,  which  is  present  every- 
where, and  the  magnetic  action  set  up  by  any  iron  pipes, 
rails,  &c.,  in  the  neighbourhood,  must  be  neutralised  by 
magnets  or  currents  judiciously  disposed. 

In  obtaining  the  lines  of  force  seen  in  Fig.  38  no 
precaution  was  taken  to  neutralise  the  disturbing  action 
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of  the  earth's  field,  the  direction  of  which  is  shown  by 
the  arrow.  Hence  the  lines  of  force  in  the  further  parts 
of  the  figure  are  twisted  somewhat  in  a  northerly 
direction,  while  in  the  nearer  portion  they  are  bent 
southwards,  the  effect  of  which  is  clearly  seen  at  the  left- 
hand  lower  corner. 

If  the  main  disturbance  be  that  due  to  a  uniform 
magnetic  field  such  as  is  produced  by  the  earth,  a  very 
convenient  method  of  neutralising  it  over  an  area  of  two 


Fig.  39.— Arrangement  for  Neutralising  a  Uniform  Magnetic  Field. 

or  three  square  feet  consists  in  placing  a  uniform  sheet 
of  copper  just  on  or  under  the  area  in  question  and 
sending  a  current  through  it  in  such  a  direction  and  of 
such  a  strength  as  to  set  up  a  uniform  magnetic  field 
exactly  equal  and  opposite  to  the  disturbing  one. 

To  avoid  the  use  of  a  strong  current,  which  would  be 
necessary  if  we  desired  to  employ  a  large  current  sheet, 
a  set  of  strips,  sl9  S2,  &c.,  of  copper  (Fig.  39)  may  be 
joined  up  in  series,  the  whole  current  passing  through 
them  all  in  succession.* 

*  When  the  disturbance  is  due  to  the  earth's  field  alone,  the  current 
must  flow  from  west  to  east  beneath  the  paper,  and  if  the  sheet  is  laid 
on  the  table  beneath  the  paper,  or  at  any  rate  is  not  more  than  an 
inch  or  two  below  it,  the  current  strength  must  be  about  0 '73  ampere  per 
inch  width  of  sheet. 
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21.  Comparing  the  Relative  Strength  of  the 
Different  Parts  of  a  Magnetic  Field.— Not  merely 
does  the  position  of  rest  of  a  pivoted  compass  needle 
show  the  direction  of  the  tangent  to  the  line  of  force  at 
the  particular  point,  but  the  square  of  the  number  of 
vibrations  made  by  the  needle  when  set  swinging  gives 
a  measure  of  the  "  strength  of  the  magnetic  field "  at 
that  point — that  is,  tells  us  what  is  the  force  exerted  at 
that  part  of  the  field  on  each  pole  of  the  little  needle. 
The  actual  number  of  vibrations  per  "minute  made  by  a 
needle  depends  on  three  things  :  (1)  the  strength  of  the 
magnetic  field  ;  (2)  the  strength  of  the  poles  of  the 
needle,  and  (3)  its  "  moment  of  inertia.'"*  For  a  given 
needle  which  is  not  put  into  so  powerful  a  field  that 
its  strength  is  altered  (2)  and  (3)  are  fixed  ;  conse- 
quently such  a  needle  may  be  used  to  measure  the 
relative  strength  of  different  parts  of  the  field. 

If  the  magnetic  field  which  is  to  be  explored  be 
a  somewhat  strong  one,  it  will  be  difficult  to  accurately 
time  the  rapid  vibrations  of  an  ordinary  compass  needle. 
It  is  better,  therefore,  to  increase  its  moment  of  inertia 
by  adding  mass  to  its  two  ends,  which  can  be  con- 
veniently done  by  selecting  two  leaden  shot  of  about 
equal  mass,  making  a  cut  in  each,  and  slipping  one  over 
the  point  of  the  needle  at  each  end.  The  needle  is  then 
balanced  by  moving  one  or  other  of  the  shot  nearer  to, 
or  farther  from,  the  centre  of  the  needle,  and  the  shot 
can  be  secured  in  position  by  slightly  squeezing  them 
with  a  pair  of  pliers.  A  compass  needle  with  such 
weighted  ends  — the  whole,  however,  much  enlarged — is 
seen  in  Fig.  40. 

When  such  a  weighted  needle  is  used  to  explore  the 
field  produced  by  a  current  flowing  round  a  large  circular 
coil,  like  that  seen  in  Figs.  34  and  38,  it  is  found  that  at 

*  The  moment  of  inertia  of  a  body  about  any  axis  is  found  by 
imagining  the  body  divided  up  into  a  large  number  of  very  small 
parts,  and  taking  the  sum  of  the  products  of  the  mass  of  eacli  part 
into  the  square  of  its  distance  from  the  axis. 
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all  points  distant  from  the  centre  of  the  coil  by  not  more 
than  about  one-fifth  of  its  radius  the  number  of  vibra- 
tions per  minute  made  by  the  needle  is  practically  the 
same.  And,  since  the  mapping  of  the  lines  of  force 
shows  that  within  this  little  region  round  the  centre  of 
the  coil  the  lines  of  force  are  straight  and  all  perpen- 
dicular to  the  plane  of  the  coil,  we  see  that  within  t'lis 
region  the  magnetic  field  due  to  the  current  flowing 
round  the  coil  is  a  nearly  uniform  one. 

Consequently  if  a  needle  not  longer  than  about  one- 
tenth  of  the  diameter  of  the  coil  be  suspended  at  the 


Fig.  40.— Weighted  Compass  Needle  for  Measuring  the  Strength  of  a 
Magnetic  Field.     (About  two  and  a  half  times  full  size.) 

centre  of  the  coil,  and  if  the  controlling  force  be  that 
due  to  the  earth  or  to  a  distant  magnet,  the  needle  will 
be  acted  on  by  two  nearly  uniform  magnetic  fields,  and, 
from  what  has  been  already  said,  it  will  place  itself 
along  the  resultant  of  these  two  fields. 

If  the  magnitude  and  direction  of  any  two  forces 
acting  at  one  point  on  a  body  be  known,  the  resultant 
force — that  is,  the  force  that  may  be  regarded  as  acting 
in  place  of  the  other  two — can  be  found  by  the  rules  of 
mechanics.  For  example,  let  N  (Fig.  41)  be  one  of  the 
poles  of  a  suspended  magnetic  needle,  and  let  N  P,  N  Q 
be  drawn  in  the  directions  in  which  the  two  forces  due 
to  the  action  of  some  controlling  magnet  and  the  current 
flowing  round  some  coil  act  on  this  pole.  Further,  let 
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the  lengths  of  these  two  lines,  N  p,  NQ,  bear  to  one 
another  the  same  proportion  as  the  magnitudes  of  these 
two  forces.  Then  N  R  will 
represent  the  resultant  in 
magnitude  and  direction. 

Tn  a  similar  way  a  single 
resultant,  s  R'  (Fig.  42),  may 
be  found  for  the  forces  net- 
ing  on  the  other  end  of  the 
magnetic  needle  N  s.  The 
needle  is,  therefore,  acted 
on  by  two  forces,  N  R,  s  u' 
(Fig.  42),  which  may,  or 
may  not,  be  equal  to  one  an- 
other, which  may,  or  may 
not,  be  parallel  to  one  an-  Fig.  41. 

other,    and    which    may,    or 

may  not,  change  in.  either  magnitude  or  in  direction  as 
the  needle  moves  under  the  action  of  these  two  forces. 

In  the  special  case 
when  the  controlling 
and  the  deflecting  fields 
are  both  uniform,  N  R 
and  s  R'  are  parallel 
to  one  another,  and 
do  not  alter  in  mag- 
nitude or  direction  as 
the  needle  deflects. 
They  will  not,  kow- 
ever,  be  equal  to  one 
another  unless,  in  ad- 
dition to  the  two  fields 
being  uniform,  the 
poles  N  and  s  of  the 
needle  have  exactly  the 
same  strength.  When 
N  u  and  s  R'  are  parallel  in  consequence  of  both  the 
magnetic  fields  being  uniform,  the  only  position  in  which 
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the  needle  can  come  to  rest  is  that  in  which  the  four 
points  R,  N,  s,  R'  lie  in  one  straight  line  which  is  parallel 
to  N  R'  or  s  R'  ;  and  this  result,  it  is  to  be  observed,  is 
arrived  at  whether  the  poles  of  the  needle  are,  or  are 
not,  equal  to  one  another. 

When  the  controlling'field  is  uniform,  if  N  P  (Fig.  43) 
represents  the  direction  and  magnitude  of  the  controlling 
force  acting  on  one  end  of  the  needle  for  some  one 

position  of  the 
needle,  it  will 
represent  the 
direction  and 
magnitude  of 
the  control- 
ling force  for 
all  positions 
of  the  needle. 
Similarly  for 
a  uniform  de- 
flecting field,  if  P  x  represents  the  direction  of  the 
deflecting  force  due  to  any  current  acting  on  one  end 
of  the  needle  for  some  one  position  of  the  needle  it  will 
represent  the  direction  of  the  deflecting  force  produced 
by  any  other  current  for  any  other  position  of  the 
needle. 

To  ascertain  the  length  along  P  x,  which  represents 
the  magnitude  of  the  deflecting  force,  produced  by  a 
particular  current  passing  round  the  galvanometer  coil, 
we  must  measure  P  R  proportional  to  that  current,  and, 
since  the  deflecting  field  is  a  uniform  one,  the  length  P  n 
remains  unchanged  as  the  needle  moves.  Hence  N  P 
and  P  R  represent  the  directions  and  magnitude  respec- 
tively of  the  controlling  and  deflecting  forces,  whatever 
be  the  position  of  the  needle,  and,  therefore,  the  only 
position  in  which  the  needle  can  come  to  rest  under  the 
action  of  these  forces  is  along  a  line  parallel  to  N  R. 

When  no  current  is  passing,  the  position  of  the 
needle  will,  of  course,  be  along  a  line  parallel  to  N  P, 
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and  if  the  current  that  causes  the  needle  to  place  itself 
parallel  to  N  R  be  one  ampere,  the  angle  P  N  it  is  the 
deflection  for  one  ampere.  To  find  the  deflecting  force 
for  two  amperes  a  point,  T,  must  be  taken  in  the  line  P  x 
snch  that  P  T  is  twice  P  R ;  then  for  two  amperes  the 
needle  will  place 
itself  parallel  to 
p  T,  and  the  angle 
p  N  T  will  be  the 
deflection  for  two 
amperes,  etc. 

Now  it  is  clear 
that  the  ratio  of 

the     angle     P  N  T  Fig.  44. 

to       the       angle 

PNR  will  be  very  different  as  the  direction  of 
p  x  relatively  to  N  P  varies — that  is,  the  ratio  will 
depend  on  the  angle  which  the  needle  makes  with  the 
plane  of  the  coil  when  no  current  is  passing.  If,  for 
example,  P  x  were  situated  relatively  to  N  P  as  in 
Fig.  44,  the  angle  PNT  might  be 
exactly  twice  the  angle  PNR,  whereas 
if  P  x  and  N  P  were  as  in  Fig.  43  the 
angle  PNT  would  be  less  than  twice 
the  angle  PNR. 

22.  Tangent   Galvanometer. — The 
relation  between  the  angular  defections 
and    the    currents    that    produce    them 
becomes  very  simple  in  one  special  case, 
and   that  is  when  the  angle  N  P  R  is  a 
right  angle — that  is,  when  the  magnetic 
axis  of  the  needle  is  parallel  to  the  plane  of  the  coil  when 
no  current  is  passing.     For  in  that  case  (Fig.  45) 


p  R 

N  P 


=  tangent  PNR, 


since  to  find  the  tangent  of  an  angle  PNR  we  let  fall  a 
perpendicular  from  any  point,  R,  of  one  of  the  lines,  N  H, 
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bounding  the  angle  on  to  the  other  line,  N  p,  and  take 
the  ratio  which  the  side  opposite  to  the  given  angle 
bears  to  the  side  adjacent  to  the  angle. 

Further,  N  p  is  a  constant   when   a  given  magnetic 
needle  is  controlled  by  a  given  uniform  magnetic  field, 


46. — Calibration  Curve  or  a  Taugent  Galvanometer. 


and  P  R  is  proportional  to  the  current  (lowing  round  the 
galvanometer.  Hence  we  see  that  the  tangent  of  the 
deflection  of  a  needle  will  be  proportional  to  the  current 
passing  round  a  coil  when  the  four  following  conditions 
are  fulfilled : — 

(1)   The  needle  is  controlled  by  a  uniform  magnetic 
field. 
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(2)  The  diameter  of  the  coil  is  large  compared  with 
the  length  of  the  needle. 

(3)  The    needle    is   suspended    sufficiently    near   the 
centre  of  the  coil  that  the  field  which  is  produced 
by  the  current  passing  round  the  coil  is  a  uniform 
one  in  the  neighbourhood  of  the  needle. 

(4)  The  axis  of  the   needle  is  parallel  to  the  plane 
of  the  coil  when  no  current  is  passing. 

When  these  four  conditions  are  all  fulfilled  the  cali- 
bration curve  of  the  galvanometer,  when  tested  by  com- 
parison with  a  voltameter,  as  described  in  §  12,  page  46, 
will  be  found  to  be  of  the  shape  shown  in  Fig.  46  ;  and  if 
any  three  points,  P,  Q,  R,  be  taken  on  this  curve,  it  will 
be  found  that  the  lengths  A  P,  B  Q,  c  R,  parallel  to  o  Y, 
bear  to  one  another  the  ratios  of  the  tangents  of  the 
angles  represented  by  o  A,  OB,  and  o  c  respectively. 
Such  a  galvanometer  (seen  in  detail  in  Fig.  25,  p.  49) 
is,  therefore,  called  a  "tangent  galvanometer"  and  it 
may  be  henceforth  used  without  reference  to  any  volta- 
meter for  the  comparison  of  current  strengths,  as  they 
will  be  simply  proportional  to  the  tangents  of  the  angles 
through  which  the  magnetic  needle  is  deflected. 

23.  Adjusting  the  Coil  of  a  tangent  Galvano- 
meter.— We  have  next  to  consider  how  we  can  adjust 
the  coil  of  a  galvanometer  so  as  to  be  sure  that  its  mean 
plane  is  parallel  to  the  axis  of  the  needle  when  no 
current  is  passing.  Owing  to  the  coil  having  a  certain 
breadth,  it  is  impossible  to  see  the  needle  when  looking 
down  on  to  the  coil  ;  indeed,  it  is  for  this  reason  that  the 
long  light  pointer  attached  to  the  needle  is  placed  at 
right  angles  to  the  needle.  It  would  not  be  right  to 
assume  that  because  the  instrument  has  been  so  turned 
that  the  pointer  points  to  the  zero  on  the  scale,  therefore 
the  plane  of  the  coil  is  parallel  to  the  magnetic  axis  of 
the  needle,  for  even  if  the  scale  has  been  attached  to  the 
instrument  so  that  the  line  of  zeros  is  at  light  angles  to 
the  plane  of  the  coil,  it  does  not  follow  that  the  pointer 
itself  is  at  right  angles  to  the  needlo.  The  two  may 
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even  have  been  placed  at  right  angles  to  one  another  by 
the  maker,  and  yet  the  pointer  may  have  been  bent 
subsequently,  so  that  they  are  not  at  right  angles  at 
present ;  or  no  experiment  may  have  been  made  by  the 
maker  to  test  this,  as  he  is  aware  that  the  user  will 
probably  make  a  test  and  adjust  the  pointer  for  himself. 
The  test  for  parallelism  of  the  axis  of  the  needle 
with  the  mean  plane  of  the  coil  may  most  simply  be 
made  as  follows : — Turn  the  instrument  until  the 
pointer  points  to  0°,  send  any  convenient  current 
through  it,  and  observe  the  deflection,  then  reverse  the 
direction  of  the  current  without  altering  its  strength,  and 
observe  the  deflection  on  the  other  side  of  the  scale. 
If  these  deflections  are  exactly  equal,  then  the  plane  of 
the  coil  is  parallel  to  the  axis  of  the  needle  when  the 
pointer  points  to  0°,  and  the  instrument  is  properly 
adjusted.  But  if,  on  the  other  hand,  one  deflection  is, 
say,  47°  to  the  left,  and  the  other,  say,  44°  to  the  right, 
the  pointer  is  not  at  right  angles  to  the  magnetic  axis  of 
the  needle,  supposing,  of  course,  that  the  scale  has  been 
so  fixed  that  the  line  of  zeros  is  exactly  at  right  angles 
to  the  plane  of  the  coil.  Next,  turn  the  instrument  a 
little  about  its  centre  in  the  direction  opposite  to  that  in 
which  the  needle  moved  when  the  greater  deflection  was 
obtained.  The  pointer  will  now,  of  course,  not  point  to 
zero ;  let  it  stand  at  1°  to  the  left.  Again  send  a 
current,  first  in  one  direction,  obtaining  a  deflection, 
say,  46°  to  the  left,  and  in  another  direction,  when  it 
gives  a  deflection  of,  say,  45°  to  the  right.  Now  re- 
membering that  the  pointer  started  from  1°  to  the  left, 
the  true  deflections  of  the  needle  are  respectively, 
46°  —  1°,  or  45°  to  the  left,  and  45°  +  3°,  or  46°  to  the 
right.  Hence,  the  fault  is  now  on  the  other  side,  or  the 
left  deflection  is  smaller  than  the  right,  and  we  have, 
consequently,  turned  the  instrument  too  much.  Turn, 
therefore,  the  coil  round  a  very  little  in  the  opposite 
direction,  so  that  when  no  current  is  passing  through  the 
instrument  the  pointer  stands  at,  say,  £°  to  the  left,  and 
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send  as  before  reverse  currents  of  equal  strength,  obtain- 
ing apparent  deflections,  45  J°  to  the  left  and  44J°  to  the 
right,  which,  corrected  for  the  initial  zero  error,  corre- 
spond with  equal  deflections  of  45°  to  either  side. 

The  instrument  will  now  be  correct  when  it  is  so 
placed  that  for  no  current  the  pointer  stands  at  J°  left, 
and  it  can  be  so  used,  but  not,  however,  with  the  tangent 
scale  described  in  the  next  section.  To  enable  us  to 
employ  the  side  of  the  dial  graduated  in  tangents,  as 
well  as  to  avoid  having  to  remember  the  J°  left  error, 
do  not  alter  the  position  of  the  instrument,  but  bend  the 
pointer  until  it  points  to  0°  for  the  same  position  of  the 
instrument  in  which  it  previously  pointed  to  J°  left. 
The  instrument  will  now  behave  as  a  correct  tangent  gal- 
vanometer when  the  pointer  stands  at  0°  for  no  current. 

We  have  spoken  of  reversing  the  direction  of  the 
current  without  altering  its  value.  This  may  be  done 
by  causing  the  current  to  pass  through  any  galvanoscope, 
the  law  of  which  may  be  quite  unknown;  and  taking 
care  that  the  deflection  of  the  needle  of  this  galvanoscope 
after  the  current  has  been  reversed  is  the  same  in 
amount  as  it  was  before  the  current  was  reversed ; 
indeed,  if  we  reverse  the  connections  of  the  galvanoscope 
at  the  same  time  that  we  reverse  the  connections  of  the 
battery,  or  other  current  generator  employed  in  the 
experiment,  it  will  not  be  even  necessary  to  know  that 
the  coil  and  needle  of  this  auxiliary  galvanoscope  are 
symmetrical,  or  that  the  strength  of  a  current  producing 
a  deflection  to  the  right  is  the  same  as  that  of  a  current 
producing  the  same  deflection  to  the  left. 

24.  Scale  for  a  Tangent  Galvanometer. — The  scales 
of  tangent  galvanometers  are  frequently  simply  divided 
into  degrees,  and  a  reference  has  constantly  to  be  made 
to  a  table  of  tangents  to  enable  the  galvanometer  to  be 
used.  A  better  plan  is  to  divide  the  scale,  not  into 
equal  divisions,  but  into  divisions  the  lengths  of  which 
become  smaller  and  smaller  as  we  depart  from  the  zero 
or  undeilected  position  of  the  needle,  in  such  a  way  that 
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the  number  of  divisions  in  any  arc  is  proportional,  but 
not  necessarily  equal,  to  the  tangent  of  the  angle  corre- 
sponding with  that  arc.  Or  the  scale  may,  as  shown  in 
Fig.  47,  be  divided  into  degrees  on  one  side,  and  on  the 
tangent  principle  on  the  other. 

Such  a  tangent  scale  can  be  most  easily  constructed 
in  the  following  way  :  —  Draw  a  tangent  (Fig.  48)  p  A  F 
to  a  circle,  and  starting  from  the  point  A  of  contact  of 
this  tangent  line  with  the  circle,  mark  off  AB,  BO,  CD, 
tkc.,  in  both  directions  all  equal  to  one  another.  Then 
join  the  centre  0  of  the  circle  with  the  points  B,  c,  D,  etc. 
by  straight  lines  cutting  the  circle  in  the  points  1,  2,  3, 
&c.  ;  then  the  numbers  1,  2,  3,  4,  &c.,  will  be  respectively 
proportional  to  the  tangents  of  the  angles  A  o  1,  A  o  2, 
A  o  3,  &c. 

AB 

1<  or  tan.  A  o  i    =      —  ; 
o  A' 

AC 
tan.  A  o  2    —        —  ; 

O  A  ' 
2AB 


A  D 

tat).   A  O  3    —         —  : 
O  A' 

SAB 


OA' 

and  so  on. 

In  fact  it  follows,  from  what  we  have  already  seen  in 
§  21,  page  82,  that  if  the  galvanometer  needle,  when  no 
current  is  passing  through  the  coils,  points  in  the  direction 
o  A,  the  force  perpendicular  to  0  A  required  to  deflect  it  till 
it  points  along  any  line,  such  as  OD,  is  proportional  to  the 
length  A  D  ;  and  as  the  force  exerted  by  the  current  in  a 
tangent  galvanometer  is  proportional  to  the  strength  of 
the  current,  and  is  at  right  angles  to  OA,  which  is  the 
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direction  in  which  the  uniform  controlling  field  acts  on 
the  needle,  it  follows  that  currents  proportional  to  the 


Fig.  47  —Scale  for  a  Tangent  Galvanometer. 


Fig.  48.  —Constructing  a  Scale  for  a  Tangent  Galvanometer. 


lengths  AB,  AC,  AD,  etc.,  will  deflect  the  needle  till  it 
points  respectively  along  o  B,  o  c,  o  D,  &c. 
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Beginners  are  apt  to  think  that,  because  the  divisions 
on  such  a  tangent  scale  are  very  much  crowded  together 
in  the  higher  part  of  the  scale,  the  value  of  a  current  can 
be  more  accurately  ascertained  by  taking  a  reading  on 
the  degree  side,  and  then  finding  the  value  of  the  tangent 
in  a  table  of  tangents,  than  by  reading  it  off  on  the 
tangent  scale.  But  this  seeming  greater  accuracy  is 
quite  delusive,  since  what  has  to  be  ascertained  in  either 
case  is  the  tangent  of  the  angle,  not  merely  the  angle, 
and  although  on  the  degree  side  of  the  scale  the  angle 
can  be  read  much  more  accurately  than  can  be  its 
tangent,  or  a  number  proportional  to  its  tangent,  on  the 
other  side,  this  only  indicates  that  the  error  of  a  tenth 
of  a  degree  in  a  large  angle,  although  a  nrnch  smaller 
proportional  error  than  a  tenth  of  a  degree  in  a  smaller 
angle,  produces  a  far  greater  proportional  error  in  the 
tangent.  For  example,  if  20° '1  be  read  instead  of  20°, 
the  error  is  ^Q,  whereas  if  85°'l  be  read  instead  of  85°, 
the  error  is  only  -g-i^,  or  ]ess  than  a  quarter  of  the 
preceding  error.  But  the  tangents  are  in  the  first  case 
0-3659,  and  0-3640,  the  error  in  the  tangent,  therefore, 
is  -3-^1^,  or  about  y^,  whereas  the  tangents  in  the  second 
case  are  11 '66  and  11 '43,  so  that  the  proportional  .error 
is  y-f-fg-,  or  about  5^,  which  is  nearly  four  times  as  great 
as  before.  Hence  in  this  case,  when  the  proportional 
angular  error  is  diminished  to  one  quarter,  the  corre- 
sponding proportional  error  in  the  tangents  is  increased 
four  times.  The  crowding  together  of  the  divisions  on 
the  tangent  scale  at  the  higher  readings  is,  therefore,  a 
correct  indication  of  the  inaccuracy  likely  to  occur  in 
taking  readings  in  that  part  of  the  scale. 

It  can  be  shown  that  if  one  current  strength  has  to 
be  measured  by  a  tangent  galvanometer,  the  result,  other 
things  being  the  same,  will  be  most  accurate  when  the 
deflection  produced  is  45°  ;  or  if  two  currents  are  to  be 
measured,  the  measurements  will  be  most  accurate  when 
the  deflections  are  as  nearly  as  possible  at  equal  distances 
on  the  two  sides  of  45°. 
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From  a  consideration  of  what  precedes,  it  follows 
that  the  deflection  produced  by  a  given  current  passing 
through  a  tangent  galvanometer  is  not  altered  by  vary- 
ing the  strength  of  the  magnetic  needle  of  the  galvano- 
meter, or  by  varying  its  length,  provided  that  the  needle 
is  not  made  so  long  as  to  render  the  tangent  law  untrue 
for  the  particular  galvanometer.  For  altering  the 
strength  of  the  needle  alters  the  deflecting  and  the  con- 
trolling forces  in  exactly 
the  same  proportion,  so 
that  the  direction  of  the 
resultant  of  these  two 
forces  remains  unchanged. 
So,  also,  altering  the 
length  of  the  needle  does 
not  change  the  direction 
of  the  resultant  force. 

Hence  the  only  ad- 
vantages gained  by  using 
a  strongly  magnetised 
needle  are,  first,  that  it 
moves  more  quickly  to  the 
deflected  position  when  a 

current  is  sent  through  the  galvanometer,  and  returns 
more  quickly  to  the  zero  when  the  current  is  stopped ; 
secondly,  that  the  friction  at  the  pivot  on  which  the 
needle  turns,  or  the  rigidity  of  the  silk  fibre  supporting 
the  needle,  introduces  less  error  in  a  measurement. 

25.  Tangent  Law. — The  conditions  under  which  the 
tangent  law  is  true,  may  be  stated  most  generally  thus : — 

If  any  body  N  N'  (Fig.  49),  turning  about  an  axis  at  o, 
be  acted  on  by  two  forces  whose  directions  lie  in  a  plane 
at  right  angles  to  this  axis  and  intersect  at  a  point  N, 
the  tangent  of  the  angle  made  by  N  0  with  one  of  the 
forces,  P,  will  be  proportional  to  the  magnitude  of  the 
other  force  Q  when  : — 

(1)  The  controlling  force,  p,is  constant  in  magnitude, 
but  not  necessarily  in  direction. 


Fi-.  49. 
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(2)  The  deflecting  force,  Q,  acts  at  right  angles  to  the 
controlling  force. 

In  the  tangent  galvanometer  these  conditions,  as 
already  explained,  are  necessarily  satisfied  by  the  con- 
struction of  the  apparatus  without  any  adjustment  being 
necessary  when  the  deflecting  force  is  varied.  So  in  the 
apparatus  seen  in  Fig.  50,  where 
both  the  controlling  and  the  de- 
flecting force  are  produced  by  liillill  / 
weights,  the  above  conditions  will 
also  be  automatically  fulfilled  for 
any  position  of  the  rod  N  N',  if  N  N' 


Fig.  50.—  Simple  Mechanical  Apparatus  for  Testing  the  Tangent  Law. 


be  short,  and  if  the  pulley  p  be  placed  far  away  from 
NN'  in  such  a  position  that  the  thread  kk  is  horizontal. 
Any  weight  w'  put  into  the  scale  pan,  will  therefore  be 
proportional  to  the  tangent  of  the  angle  which  NN' 
makes  with  the  direction  of  the  controlling  force. 

This  tangent  is  proportional  to  the  length  z  R  if  the 
scale  s  s  be  initially  adjusted  so  that  its  zero  line  z  coin- 
cides with  the  pointer  attached  to  NN'  when  the  only 
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force  acting  on  N  N'  is  that  due  to  w  the  controlling  force. 
For  the  required  tangent  is  the  ratio  of  z  R  to  o  z,  and  o  z 
is,  of  course,  a  constant. 

With  the  apparatus  illustrated  in  Fig.  51,  which  is  a 
more  accurate,  but  at  the  same  time  a  more  expensive 
one  than  that  shown  in  Fig.  50,  the  pulley  p  is  near  the 
rod  N  N'.  Hence  an  adjustment  is  necessary  to  keep  the 


Fig.  61. — Improved  Mechanical  Apparatus  for  Testing  the  Tangent  Law. 

thread  k  k  always  horizontal,  that  is,  at  right  angles  to  the 
direction  of  the  controlling  force.  This  adjustment  is 
made  by  turning  the  tangent  screw  T,  and  the  simplest 
way  of  insuring  that  the  pulley  p  has  been  raised  or 
lowered  sufficiently  to  keep  the  thread  kk  horizontal, 
when  the  rod  N  N'  is  deflected,  is  to  commence  the 
experiment  by  turning  the  levelling  screw  s,  until  the 
level  L  shows  that  the  bar  b  b  is  perfectly  horizontal ; 
then,  after  putting  each  of  the  different  weights  w'  into 
the  scale  pan,  to  turn  the  screw  T  until  the  thread  kk 
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appears  by  eye  to  be  parallel  to  one  of  the  edges  of 
the  bar  b  b. 

As  N  N'  is  riot  symmetrical  above  and  below  the  axis  o 
in  the  apparatus  shown  in  Fig.  51,  and,  therefore,  is  not 
self-balanced,  we  must,  before  any  measurements  are  com- 
menced, screw  the  counterpoise  weight  c  in  or  out,  until 
the  rod  remains  balanced  in  any  position  when  the  con- 
trolling and  the  deflecting  forces  are  both  nought.  These 
forces  are  easily  made  nought  by  resting  the  weight  w 
on  the  block  of  wood  B,  and  by  taking  the  thread  kk  off 
the  pulley  p  and  resting  the  scale  pan  on  the  base-board  of 
the  instrument.  The  scale  ss  is  adjusted  as  before,  so 
that  when  the  controlling  weight  w  alone  acts  on  N  N', 
the  zero  line  of  the  scale  coincides  with  the  position 
taken  up  by  the  pointer,  only  this  adjustment  can  now 
be  made  very  accurately  by  using  as  the  pointer  the 
wire  stretched  along  the  centre  of  the  moving  arm,  and 
ensuring  coincidence  by  observing  when  the  image  of 
this  wire  seen  in  the  mirror  which  is  attached  to  the 
scale  coincides  with  the  zero  line  z. 

The  controlling  and  deflecting  weights  may  of  course 
be  interchanged,  in  which  case  the  rod  N  N'  will  remain 
horizontal  instead  of  vertical,  when  the  controlling  force 
alone  acts  on  it,  and  the  tangent  of  the  angle,  which  is 
proportional  to  the  magnitude  of  the  deflecting  force, 
will  be  measured  on  a  vertical  scale.  Or,  if  a  set 
square  be  used,  or  some  similar  method  be  employed 
for  ascertaining  when  the  two  threads  attached  to  N  N' 
are  exerting  forces  at  right  angles  to  one  another,  the 
direction  of  neither  force  need  be  vertical  nor  remain 
constant  as  the  rod  N  N'  deflects.  Both  the  weights 
w  and  w'  may  be  attached  to  threads  passing  over 
pulleys,  and  all  that  it  will  be  necessary  to  do  before 
taking  a  reading  will  be  to  adjust  one  or  other,  or 
both  of  these  pulleys,  so  that  the  two  threads  make  a 
right  angle  with  one  another  at  the  needle.  That  being 
done,  the  magnitude  of  that  one  of  the  forces  which 
has  been  varied  will  be  proportional  to  the  tangent  of 
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the  angle  that  the  line  N  o  makes  with  the  direction  of 
the  other  force. 

26.  Variation  of  the  Sensibility  of  a  Tangent 
Galvanometer  with  the  Number  of  Windings,  and  with 
the  Diameter  of  the  Bobbin. — A  tangent  galvanometer, 
whose  bobbin  contains  only  one  turn  of  wire,  is  not 
suitable  for  measuring  very  weak  currents,  as  it  is  not 
sufficiently  sensitive.  In  order  to  obtain  a  delicate 
tangent  galvanometer,  the  bobbin  must  be  wound 
with  many  turns  of  fine  wire,  and  the  greater  the 
number  of  turns  employed,  the  smaller  will  be  the 
current  needed  to  produce  a  given  deflection  on  the 
instrument.  The  exact  way  in  which  the  sensibility 
of  a  tangent  galvanometer  is  dependent  on  the  number 
of  windings  may  be  experimentally  tested  by  means 
of  the  apparatus  shown  in  Fig.  52,  and  this  may  also 
be  used  to  ascertain  the  variation  in  sensibility  produced 
by  changing  the  diameter  of  the  bobbin  on  which  the 
wire  is  wound. 

gg  is  a  flat  box,  containing  a  scale  fastened  to  its 
bottom.  Within  this  is  a  short  needle  carrying  a  long, 
light  glass  pointer,  and  suspended,  by  a  piece  of  unspun 
silk,  from  a  vertical  brass  rod,  r,  whicli  slides  up  and 
down  in  a  metal  sleeve  attached  to  the  centre  of  the 
piece  of  glass  forming  the  cover  of  the  box  g  g,  or, 
better,  carried  by  the  curved  bridge-piece  attached  to 
the  sides  of  the  box.  The  box  gg  is  so  shaped 
as  to  allow  the  needle  and  pointer  to  swing  freely 
through  an  angle  of  about  45  degrees  in  either  direction 
from  the  central  position.  c  c  is  a  bobbin  of  large 
diameter,  and  such  that  its  centre  is  at  exactly  the  same 
height  above  the  base-board  B  B  as  is  the  centre  of  the 
suspended  magnetic  needle,  c  c  is  a  smaller  bobbin,  of 
which  the  diameter  is  exactly  half  that  of  the  larger 
bobbin,  but  still  large  compared  with  the  length  of  the 
suspended  magnet.  The  centre  of  the  smaller  bobbin  is 
also  on  the  same  level  as  the  suspended  magnet  when  the 
base-board  b  b  of  the  smaller  bobbin  is  placed  on  that  of 
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the  larger.  On  the  larger  bobbin  c  c  are  wound  two 
distinct  coils  of  insulated  wire,  one  consisting  of  twelve 
convolutions,  and  having  its  ends  attached  to  two  of  the 
binding  screws,  1,  2,  the  other  of  four  convolutions,  and 
having  its  ends  attached  to  the  other  two  binding  screws, 

3,  4.     If  the  binding  screw  2  at  the  end  of  the  first  coil 
be  joined  by  a  piece  of  wire,  as  shown  in  the  figure,  to 
the  binding  screw   3- attached  to  the  beginning  of  the 
second,   the   current    will   go    12  +  4,    or  sixteen   times 
round   the   bobbin ;    whereas   if   the   wire  connect    the 
end  of   the  first  coil,   2,  with  the  end  of   the  second, 

4,  and  the  current  enter  and  finally  leave  the  bobbin 
by  the  two  binding  screws   1,  3,  attached  respectively 
to  the  beginnings  of  the   two   coils,    then  the    current 
will  go  twelve  times  round  the  bobbin  in  one  direction 
and  four  times  in  the  other,  or  practically   12-4,  or 
eight     times     round    the    bobbin.       Now,     experiment 
shows  that  if  a  current  of  constant  strength  be  passed 
successively    first   four,   then   eight,  then   twelve,    then 
sixteen  times  round  the  bobbin,  and  if  this  is  kept  in 
a    fixed  position    during  the   experiment,   the  tangents 
of  the   corresponding   deflections   produced   will   be   as 
four   to   eight,  to   twelve,  to    sixteen,    that   is,    simply 
proportional  to  the  number  of  times  the  current  passes 
round  the  bobbin. 

In  this  experiment  the  current,  after  passing  from  the 
battery  through  the  coils  c  C,  and  the  key  K,  is  led  through 
the  current  indicator  G,  and  through  a  variable  length  of 
wire  w  w  back  again  to  the  battery.  The  stretched  wires 
are,  for  safety,  placed  in  a  grooved  box,  v  v,  attached  to 
the  board  which  carries  the  whole  apparatus,  and  the 
length  of  wire  included  in  the  circuit  can  be  increased  or 
diminished  by  adjusting  the  screw  clamp  S,  which  is  so 
arranged  as  to  slide  along  the  groove.  In.  this  manner 
the  strength  of  the  current  can  be  altered,  and  if  the 
insertion  in  the  circuit  of  a  greater  or  less  number  of 
coils  on  the  bobbin  c  c,  or  any  other  cause,  tends  to  vary 
the  magnitude  of  the  current,  the  screw  clamp  s  must 
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be  moved  until  the  deflection  of  the  galvanoscope  G 
returns  to  its  original  value,  thus  showing  that  the 
current  has  the  same  magnitude  as  at  the  commencement 
of  the  tests. 

These  experiments  prove  that  the  sensibility  of  a 
tangent  galvanometer  is  proportional  to  the  number  of 
turns  of  wire  used  on  its  bobbin.  We  may  next  proceed 
to  investigate  the  effect  of  the  size  of  the  bobbin  by 
experiments  made  on  the  small  coil  c  c.  The  diameter 
of  this  coil  is  only  one  half  that  of  c  c,  and  there  are 
four  convolutions  of  wire  wound  upon  it.  When 
experiments  are  made  it  is  found  that,  if  the  two 
bobbins  c  c  and  c  c  are  placed  so  as  to  be  in  the 
same  plane,  and  so  as  to  have  their  centres  coincident 
with  that  of  the  suspended  magnet,  the  tangent  of 
the  deflection  produced  by  any  current  flowing  round 
the  smaller  one  is  twice  as  great  as  the  tangent  of 
the  deflection  produced  by  the  same  current  flowing 
four  times  round  the  larger  Bobbin  ;  and  also,  if  the 
same  current  pass  four  times  round  the  smaller  bobbin 
in  one  direction,  and  eight  times  round  the  larger  in 
the  opposite  direction,  that  no  deflection  is  produced 
whatever  the  current  may  be. 

From  this  we  learn  that  the  tangent  of  the  deflection 
produced  by  a  current,  that  is,  the  sensibility  of  the 
instrument  is  directly  proportional  to  the  number  of 
convolutions  of  wire,  and  inversely  proportional  to  the 
diameter  of  the  coil. 

In  order,  therefore,  to  get  a  sensitive  instrument  we 
should  use  coils  of  small  diameter,  and  wound  with 
many  turns  of  wire,  and  it  might  be  imagined  that  a 
tangent  galvanometer  intended  for  the  measurement  of 
very  weak  currents  should  be  made  in  this  way.  As 
a  'matter  of  fact,  however,  the  coils  of  good  tangent 
galvanometers  are  always  large  in  diameter  compared 
with  the  length  of  the  suspended  needle ;  and  the 
number  of  turns  of  wire  used  in  winding  is  always 
limited  by  the  consideration  that  the  depth  and  width 
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of  the  channel  in  which  the  wire  is  wound  must  not 
exceed  a  certain  fraction  of  the  diameter  of  the  coil. 
These  restrictions  are  only  imposed  in  order  to  ensure 
the  fulfilment  of  the  tangent  law,  and  need  not  be 
considered  when  there  is  no  necessity  for  the  tangent 
of  the  galvanometer  deflection  to  be  strictly  proportional 
to  the  current. 

An  instrument  which  is  to  be  used  as  a  tangent  gal- 
vanometer must,  however,  be  so  constructed  that  all  the 
conditions  mentioned  in  §  22,  page  84,  as  necessary  to 
ensure  the  fulfilment  of  the  tangent  law  are  complied  with. 
Now  when  the  needle  in  the  box  g  g,  Fig.  52,  is  deflected, 
its  poles  move  away  from  the  coil  c  c,  and  the  force 
exerted  by  the  current  in  this  coil  is  less,  after  the  needle 
has  moved,  than  before.  The  tangent  law  will  not  hold 
good  unless  the  change  produced  in  this  way  is  small 
enough  to  be  neglected.  In  order  to  test  this  point,  the 
apparatus  shown  in  Fig.  52  is  arranged  so  that  each  of 
the  coils  c  c,  c  c,  can  be  moved  either  in  its  own  plane  or 
perpendicular  to  its  plane.  To  facilitate  this  two  grooves, 
e  e,  are  made  in  the  base-board,  and  cylindrical  pegs  are 
placed  through  holes  suitably  made  in  the  base  B  B  of  the 
coil  c  c  and  work  in  these  grooves,  so  that  the  coil  can 
be  slid  along  either  in  or  perpendicular  to  its  own 
plane.  The  grooves  are  graduated,  and  the  alteration 
produced  by  moving  the  coil  a  given  distance  from  the 
needle  can  be  noted  for  each  of  the  bobbins  c  c  and  c  c. 

Experiments  of  this  kind  will  show  that  as  the 
bobbin  is  moved  the  deflection  alters,  and  that  the  change 
produced  for  the  same  amount  of  motion  is  proportion- 
ately greater  for  the  small  bobbin  c  c  than  for  the  large 
one  c  c.  For  example,  if  the  coil  be  moved  parallel  to 
itself,  and  so  that  its  axis  passes  through  the  centre  of 
the  needle,  it  will  be  found  that  the  tangent  of  the 
deflection  of  the  needle  for  a  given  current  is  propor- 
tional to 

r* 

V  (r*  +  a;2)3 
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where  r  is  the  mean  radius  of  the  coil  and  x  the  distance 
from  the  mean  plane  of  the  coil  to  the  centre  of  the 
needle.  Now  it  is  clear  from  this  formula  that  for  a 
given  change  in  x  there  will  be  a  greater  change  in  the 
value  of  this  fraction  the  smaller  r  is. 

It  thus  becomes  apparent  that  any  error  due  to 
want  of  proper  centering  of  the  needle  of  a  tangent  gal- 
vanometer, or  to  the  actual  movement  of  its  poles  when 
it  is  deflected,  must  prove  far  more  serious  when  the 
bobbins  are  small  than  when  they  are  large ;  and  for 
this  reason  instruments  in  which  the  tangent  law  is  to  be 
accurately  relied  upon  are  invariably  constructed  with 
large  bobbins. 


Fig.  53.— Mapping  out  the  Fields  produced  by  the  Same  Current  Flowing  Round 
Different  Coils. 


The  law  and  variation  of  the  sensibility  of  a  tangent 
galvanometer  with  the  number  of  windings  and  the 
diameter  of  the  coil  can  be  ascertained,  and  the  practical 
importance  of  using  a  large  coil  for  a  tangent  galvano- 
meter experimentally  illustrated,  by  employing  three 
coils  similar  to  the  one  used  in  §  20,  instead  of 
the  apparatus  shown  in  Fig.  52.  These  three  coils 
(Fig.  53)  are  joined  up  in  series,  so  that  the  same 
current  necessarily  passes  through  each,  the  diameter 
of  the  large  coil  is  double  that  of  either  of  the 
smaller,  and  the  number  of  windings  on  the  large 
coil  and  on  one  of  the  smaller  are  equal,  and  double 
that  on  the  other  small  coil.  For  example,  the 
large  coil  may  conveniently  be  30  centimetres  in 
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diameter,  and  have  100  convolutions  of  wire  on  it, 
while  the  two  small  coils  are  each  15  centimetres  in 
diameter,  and  have  respectively  100  and  50  convolu- 
tions on  them. 

By  means  of  compass  needles  (Figs.  38  and  40) 
the  fields  of  the  three  coils  can  be  explored,  both 
as  regards  the  direction  of  the,  lines  of  force,  and 
the  strength  of  the  field  at  different  points,  and, 
from  the  results  so  obtained  conclusions  can  be  drawn 
as  to  change  of  the  force  at  the  centre  of  a  coil  pro- 
duced by  varying  the  size  of  the  coil  or  the  number 
of  windings  and  the  rate  of  variation  of  the  force  as 
we  depart  from  the  centre  for  each  of  the  two  sizes 
of  coils. 

The  three  coils  must,  of  course,  be  placed  far  enough 
apart  that  the  fields  do  not  act  on  one  another,  and  to 
save  time  the  fields  for  the  different  coils  may  be  mapped 
out  simultaneously  by  different  explorers. 

Example  13. — A  tangent  galvanometer  is  made  with 
two  coils  of  equal  diameter,  the  first  consisting  of  500 
convolutions  of  wire,  the  second  of  one  convolution.  If 
a  current  of  0'25  ampere  sent  through  the  first  cause  a 
deflection  of  45°,  what  current  sent  through  the  second 
in  the  opposite  direction,  while  the  same  current  was  still 
flowing  through  the  first,  would  cause  the  deflection  to 
become  one  of  10°  ? 

Let  x  be  the  unknown  number  of  amperes  : 

mi        500x0-25  —  x         tan.  10° 

Then  = 

500  x  0-25  tan.  45° 

Answer. — 103  amperes. 

Example  14. — A  galvanometer  is  about  to  be  con- 
structed of  two  coils  :  the  first,  6  inches  in  diameter, 
consists  of  350  convolutions  of  wire  ;  the  second  has 
two  convolutions  only.  A  current  of  0'4  ampere  sent 
through  the  first  causes  a  deflection  of  30°.  What  must 
be  the  diameter  of  the  second  coil,  in  order  that  a  current 
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of  80  amperes  in  the  opposite  direction,  sent  through  it, 
while  0'4  ampere  is  still  flowing  through  the  first,  may 
cause  the  deflection  to  become  5°  1 

Let  x  be  the  diameter  of  the  second  coil. 

Since  the  effect  of  the  current  is  directly  proportional 
to  the  number  of  convolutions,  and  inversely  proportional 
to  the  diameter — 

0-4x350        80x2 

6  x  tan.  5° 

04  x  350         =  tan.  30° 


6 

Answer. — 8  inches  nearly. 

Example  15. — A  tangent  galvanometer  is  about  to 
be  constructed  of  two  coils  :  the  first,  7  inches  in  di- 
ameter, consists  of  600  convolutions  of  wire  ;  the  second 
is  to  be  5;5  inches  in  diameter.  A  current  of  0-1G56 
ampere  sent  through  the  first  causes  a  deflection  of  40°. 
Of  how  many  convolutions  of  wire  must  the  second 
coil  consist,  in  order  that  while  0'1656  ampere  is  still 
flowing  through  the  first,  a  current  of  65  amperes 
flowing  through  the  second  may  cause  the  deflection  to 
become  8°  ? 

Answer. — One  convolution. 

27.  Values  in  Amperes  of  the  Deflections  of  a 
Tangent  Galvanometer  controlled  only  by  the  Earth's 
Magnetism. — The  sensibility  of  any  galvanometer  de- 
pends not  merely  on  the  bobbin,  but  also  on  the  strength 
of  the  controlling  field.  If  this  controlling  field  be 
altered  by  bringing  up  a  magnet,  then  even  if  the 
magnet  be  so  placed  that  the  position  of  rest  of  the 
needle  for  no  current  be  unchanged,  still  the  force  and 
therefore  the  current  required  to  turn  the  needle  through 
a  given  angle  will  be  altered.  For  let  the  controlling 
force  N  P  be  increased  to  N  p'  (Fig.  54)  so  that  the 
zero  position  of  the  needle  is  the  same,  but  the  needle  is 
held  in  that  position  with  a  greater  force,  then  in  order 
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that  the  angle  p'  N  R'  may  remain  of  the  same  value  as 
before,  the  deflecting  force  p  R  must  be  increased  to  p'  R', 
that  is,  in  the  same  proportion  as  the  controlling  force. 
If  the  current  has  the  same  value  as  before,  so  that  p'  R" 
is  equal  to  p  R,  then  the  angular  deflection  of  the  needle 
instead  of  being  p  N  R'  will  be  reduced  to  P'  N  R".  Even 
if  the  controlling  field  be  merely  that  due  to  the  earth, 
this  will  alter  from  place  to  place,  and  from  year  to  year ; 
so  that  a  tangent  galvano- 
meter requiring  a  current 
equal  to  1  ampere  to  produce 
a  deflection  of  45  degrees 
in  some  particular  town,  will 
generally  need  a  somewhat 
different  current  to  produce 
the  same  deflection  if  moved 
to  another  town,  and  even  if 
kept  in  the  same  position  the 
calibration  will  be  found  to 
gradually  alter  with  time. 

When  the  needle  of  a 
tangent  galvanometer  is  sup- 
ported in  such  a  way  that  it  turns  in  a  horizontal  plane, 
and  when  the  controlling  force  is  entirely  produced 
by  the  "horizontal  component  of  the  earths  magnetic 
force"*  the  following  formula  connects  the  current  A  in 
amperes,  passing  through  the  coil,  with  the  deflection  d  in 
degrees,  the  radius  r  of  the  coil  in  inches,  and  the  number 
of  convolutions  N  of  wire  on  the  bobbin 


Fig.  54. 


A  =  K  -.  tan.  cL 

N 

where  K  is  a  constant  which  depends  on  the  place  where 
the    galvanometer    is   situated,    and    on  the  year.     The 

*  The  horizontal  component  of  the  earth's  magnetic  force  is  that 
component  of  the  earth's  force  which  exerts  a  directive  action  QU  a 
compass  needle,  or  needle  turning  in  a  horizontal  plane. 
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following  table  gives  the  values  of  K,  for  London,  for  the 
middle  of  the  years  1891  to  1900  :— 

TABLE  III. 


Tear. 

Value  of  K. 

Year. 

Value  of  K. 

1891 

0-7378 

1896 

0-7420 

1892 

0-7386 

1897 

0-7429 

1893 

0-7395 

1898 

0-7437 

1894 

0-7403 

1899 

0-7446 

1895 

0-7412 

1900 

0-7454 

When  the  controlling  force  acting  on  the  needle  of  a 
tangent  galvanometer  is  due  to  the  presence  of  a  distant 
magnet,  placed  so  that  the  needle  is  parallel  to  the  plane 
of  the  coil  when  no  current  passes,  the  preceding  formula 
holds  true,  but  the  constant,  K,  must  be  determined 
experimentally. 

If  the  value  of  K.  for  the  earth's  field  alone  be 
accurately  known  for  the  particular  place  and  the 
particular  year,  then  the  value  of  K  for  any  other  con- 
trolling field  may  be  ascertained  by  employing  the 
principle  described  in  §  21,  page  79.  Remove  all  magnets, 
pieces  of  iron,  &c.,  so  that  the  needle  of  the  tangent 
galvanometer  is  acted  on  by  the  earth's  field  alone,  and 
count  the  number  of  oscillations,  n^  say,  that  the  needle 
makes  in  any  convenient  time.  Replace  the  controlling 
magnet,  or  magnets,  as  desired,  and  again  count  the 
number  of  oscillations,  n%  say,  that  the  needle  makes  in 
the  same  time,  then  the  K.  for  the  earth's  field  alone  must 
be  multiplied  by  nf/n^  to  obtain  the  K  to  be  used  in  the 
preceding  formula  for  the  particular  combination  of 
controlling  magnets  in  question. 

Example  16. — How  many  amperes  would  deflect  the 
needle  of  a  tangent  galvanometer  60°  in  the  year  1891, 
the  controlling  force  being  the  horizontal  component  of 
the  earth's  magnetism  at  London,  and  the  galvanometer 
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having  a  bobbin  5    inches   in   radius,  wound  with  six 
convolutions  of  wire  1 

™                    ,                 .    0-7378  x  5  x   y3 
The  number  or  amperes  is  - —         —  . 

Answer. — 1/065  ampere. 

Example  17. — Through  what  angle  would  0-598 
ampere  deflect  the  needle  of  a  tangent  galvanometer  with 
a  bobbin  7  inches  in  radius,  wound  with  five  convolutions 
of  wire,  in  the  year  1898,  the  controlling  force  being  the 
horizontal  component  of  the  earth's  magnetism  at  London  1 

0-7437   x  7   x  tan.  d 


0-598 


.  tan.  d  =   - 


5 

x  0-598 


0-7437  x  7 
=  0-5743 
d  =  29°50'. 

Answer.— 29°50'. 

Having  found  tan.  d,  d  may  be  found  either  by  looking 
in  a  table  of  tangents  or  in  the  following  way  : — 

Take  a  sheet  of  squared  paper,  and  on  it  select  two 
axes,  or  lines  of  reference,  ox,  o  Y,  at  right  angles  to  one 
another.  Choose  any  number  of  the  divisions  on  your 
paper  to  represent  unity,  taking  care  that  there  are  more 
than  100  of  these  larger  divisions  along  o  x,  and  at  least 
58  along  OY.  These  numbers  are  chosen  because  the 
tangent  of  the  angle  required  is  approximately  given  by 

the  ratio  -=-j-f\m    Along  o  x  mark  off  o  A,  equal  to  100  of 

the  divisions,  then  on  the  line  through  A,  parallel  to  o  Y, 
mark  off  A  B  as  nearly  as  possible  equal  to  5  7 '4  of  the 
divisions.  Join  o  B.  Then  B  o  A  is  the  angle  d. 

T>     A 

For  tan.  BOA  =  — 
o  A 

57-4 
100 

=  tan.  d. 
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The  angle  d  may  now  be  found  by  means  of  a  pro- 
tractor. 

Example  18. — If  the  horizontal  component  of  the 
earth's  magnetism  in  1893  at  London  be  the  controlling 
force  in  a  tangent  galvanometer,  the  bobbin  of  which  is 
11  inches  in  diameter,  how  many  convolutions  of  wire 
must  be  wound  on  the  bobbin  in  order  that  a  current  of 
1*017  ampere  may  give  a  deflection  of  45°  ? 

Answer. — 4  convolutions. 

Example  19. — If  the  horizontal  component  of  the 
earth's  magnetism  in  1895  at  London  be  the  controlling 
force  in  a  tangent  galvanometer,  the  bobbin  of  which  is 
wound  with  eight  convolutions  of  wire,  what  must  be  the 
radius  of  the  bobbin  in  order  that  a  current  of  0'384 
ampere  may  give  a  deflection  of  50°  ? 

Answer. — 3 '48  inches. 

Tan.  50°  may  be  found  either  in  a  table  of  tangents 
or  in  the  following  way  :— 

Take  a  sheet  of  squared  paper ;  on  it  take  axes  o  x, 
o  Y,  at  right  angles  to  one  another ;  with  a  protractor 
make  the  angle  BOX,  equal  to  50°,  and  produce  OB 
as  far  as  the  paper  will  allow.  Let  A  B  be  the  farthest 
line  from  o,  parallel  to  o  Y,  which  cuts  B  o.  Then 

tan.  50°  =  —. 

O  A 

Count  the  number  of  divisions  and  fractions  of 
division  in  A  B  and  o  A,  and  divide  the  one  by  the  other. 

If  the  angle  be  large,  great  care  must  be  taken  to  lay 
it  down  accurately  with  the  protractor,  since  a  small 
error  in  a  large  angle  will  introduce  a  large  error  in  the 
tangent. 

Example  20. — About  how  many  times  the  horizontal 
component  of  the  earth's  magnetism  must  the  controlling 
force  be  in  a  tangent  galvanometer,  having  a  bobbin 
6  inches  in  radius  wound  with  six  convolutions  of  wire, 
in  order  that  a  current  of  20  amperes  may  make  a 
deflection  of  45°  1 

Answer. — About  32  times. 
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Example  21.  —  The  needle  of  a  tangent  galvanometer 
when  acted  on  by  the  earth's  field  alone  makes  one 
oscillation  in  1-3  second,  whereas,  when  the  controlling 
magnet  is  placed  in  position,  it  makes  one  oscillation  in 
0'433  second.  If  the  coil  be  half  a  foot  in  radius,  and  be 
wound  with  twenty  turns  of  wire,  what  current  will 
produce  a  deflection  of  30°  in  1898  at  London1? 

Answer.  —  1'16  ampere. 

It  is  not  necessary  that  the  coil  of  a  tangent  galvano- 
meter should  be  circular,  but  in  order  to  obtain  the 
straightness  of  the  lines  of  force  in  the  neighbourhood  of 
the  axis,  as  seen  in  Figs.  34,  38,  and  53,  and  not  merely 
for  points  actually  on  the  axis,  of  which  we  could  only 
avail  ourselves  by  using  an  infinitely  short  magnet,  the 
diameter  of  all  parts  of  the  coil  must  be  large.  Hence, 
if  an  elliptic  or  other  non-circular  coil  were  used,  its 
smallest  diameter  would  have  to  be  large,  and  conse- 
quently its  largest  diameter  unnecessarily  so. 

28.  Magnetometer.  —  The  following  is  an  important 
example  of  the  use  of  the  tangent  law.  Let  ns  (Fig.  55) 
be  a  small  compass  needle,  suspended  so  as  to  be  free 
to  turn  in  a  horizontal  plane,  and  first  let  it  be  acted 
on  only  by  a  uniform  magnetic  field,  produced  by  the 


Fig.  55.—  Principle  of  the  Magnetometer. 

earth  for  example.  Along  a  horizontal  line  passing 
through  the  centre  of  the  needle,  and  perpendicular  to 
the  position  taken  up  by  the  needle  when  acted  on  by 
the  uniform  field  alone,  let  a  magnet  N  s  be  placed,  the 
distance  of  the  nearest  end  N  of  this  magnet  from  the 
needle  being  considerable  compared  with  the  length  of 
the  needle  itself. 

We  have  then  the  exact  conditions  for  the  tangent 
law  to  be  true,  and,  consequently,  the  tangent  of  the 
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angle  through  which  the  needle  n  s  turns  in  taking  up 
the  deflected  position  n' s'  is  a  measure  of  the  magnetic 
force  exerted  by  the  large  magnet  N  s  at  the  spot  occupied 
by  the  little  magnet. 

Such  an  arrangement  constitutes  what  is  called  a 
" magnetometer"  and  it  may  be  used  to  test  the  strength 
of  different  magnets  of  the  same  length,  put  succes- 
sively so  as  to  occupy  the  position  N  s  ;  or,  by  making 
a  single  magnet,  N  s,  occupy  different  positions  along 
the  line  A  B,  and  measuring  the  tangent  of  the  dif- 
ferent deflections  of  the  needle  n  s,  we  can  find  out  the 
force  produced  by  a  given  magnet  at  different  positions 
along  its  axial  line  A  B. 

29.  Calibrating  any  Galvanometer  by  Direct  Com- 
parison with  a  Tangent  Galvanometer. — The  necessity 
that  a  galvanometer  in  order  to  obey  the  tangent  law 
should  have  its  coil  very  large,  compared  with  the  length 
of  the  needle,  prevents  a  tangent  galvanometer  from 
being  very  sensitive.  It  also  renders  a  tangent  galvano- 
meter importable,  for  if  the  needle  were  made  very  short 
instead  of  the  coil  being  made  large,  its  movement  would 
be  seriously  impeded  by  the  mass  of  even  a  very  light 
pointer  attached  to  it.  If  the  indications  of  an  instru- 
ment are  to  be  unaffected  by  moving  it  from  one  place 
to  another,  as  well  as  unaffected  by  the  proximity  of  a 
mass  of  iron  like  a  fireplace,  iron  water-pipes,  &c.,  the 
controlling  magnet  must  be  powerful,  must  be  attached 
to  the  galvanometer,  and  have  its  poles  close  to  the 
needle.  Hence,  a  uniform  controlling  field  which,  as 
has  been  seen,  is  one  of  the  conditions  for  the  tangent 
law  to  be  true,  cannot  be  attained  in  such  an  instrument. 

The  law  of  such  a  galvanometer  must,  therefore,  be 
obtained  experimentally,  and  a  very  convenient  way  of 
performing  the  calibration  is  to  compare  the  deflections 
of  the  instrument  under  test  with  those  of  a  tangent 
galvanometer,  when  the  same  currents  pass  through  both 
apparatus,  which  may  be  arranged  as  in  Fig.  56. 

G    is    the    standard    tangent    galvanometer,    D    the 
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galvanometer,  which,  if  rough  and  portable,  is  sometimes 
called  a  "  detector"  requiring  to  be  calibrated,  v  is  a  V- 
shaped  tube  containing  two  zinc  rods  dipping  into  a 
small  quantity  of  a  solution  of  zinc  sulphate,  and  is  used 
for  varying  the  strength  of  the  currents  passing  through 
G  and  D  by  altering  the  distance  between  the  bottoms 
of  the  zinc  rods.  The  wires  coming  from  the  current- 
generator  are  attached  to  the  terminals  T  T,  and  a  key 


Fig.  5G.— Calibrating  a  Detector  by  Comparison  with  a  Tangent  Galvanometer 


placed  between  G  and  D  enables  the  current  to  be 
made  or  broken.  As  the  same  current  passes  through 
G  and  D,  it  is  quite  unnecessary  to  know  the  value  of 
the  resistance  introduced  by  v  ;  all  that  has  to  be  done 
is  to  observe  a  number  of  corresponding  deflections  of  the 
needles  of  G  and  of  D,  then,  since  the  true  value  of  the 
current  is  proportional  to  the  tangent  of  the  deflection 
in  G,  a  calibration  curve  can  be  drawn  for  D,  in  which 
horizontal  distances  represent  the  observed  angular  deflec- 
tion of  the  needle  of  D,  and  vertical  distances  the  relative 
strengths  of  the  currents  producing  these  deflections. 
If  the  number  of  amperes  producing  any  particular 
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deflection  in  G  be  also  known,  then  D  will  be  calibrated 
absolutely. 

It  frequently  happens  that,  on  account  of  the  great 
increase  in  sensitiveness  produced  by  putting  the  wires 
conveying  the  current  close  to  the  needle,  a  rough  galvano- 
meter with  a  few  turns  of  wire  is  more  sensitive  than 
a  tangent  galvanometer  with  many  turns.  Under  such 
circumstances  it  would  be  difficult  to  compare  them,  as  a 
large  deflection  on  D  would  only  correspond  with  a  small 
one  on  G,  and  a  smaller  deflection  on  D  would  not  produce 
a  deflection  on  G  large  enough  to  be  read  at  all  accurately. 
This  difficulty  may,  however,  be  overcome  by  putting  a 
piece  of  wire  s  (Fig.  56),  to  act  as  a  bye  path,  a  " shunt*' 
as  it  is  called,  between  the  terminals  ot  D,  which  shunt 
allows  a  portion  of  the  current  to  pass  through  it  instead 
of  through  D.  As,  however,  for  the  same  shunt  the  same 
fraction  of  the  total  current  is,  as  we  shall  see  later  on 
(§  96,  page  289),  always  shunted  past  D,  the  sensibility 
alone  of  D,  and  not  the  law  connecting  current  strength 
with  deflection,  is  altered  by  using  such  a  shunt.  The 
use  of  a  shunt,  therefore,  alters  the  absolute  but  not  the 
relative  calibration  of  a  galvanometer;  consequently,  if 
D  is  absolutely  calibrated,  the  same  shunt  must  always  be 
employed  when  it  is  desired  to  use  the  absolute  calibra- 
tion curve  of  that  galvanometer. 

30.  Pivot  and  Fibre  Suspensions. — The  galvano- 
meters G  and  D  differ  also  in  another  particular,  namely, 
in  the  way  in  which  the  magnetic  needle  is  supported. 
In  D  the  little  magnet  has  a  jewel  in  its  centre,  and  rests 
on  a  sharp  pivot,  as  in  an  ordinary  pocket  compass; 
whereas  in  G  the  needle  is  supported  by  a  fine  fibre  of 
unspun  silk,  the  upper  end  of  which  is  fastened  in  one 
of  the  ways  illustrated  in  Fig.  25  (page  49),  so  that  it 
can  be  lowered  on  to  the  card  s  s,  on  which  the  scale  is 
engraved,  when  the  instrument  is  being  carried  about,  and 
raised  again  so  as  to  be  in  the  centre  of  the  coil  when  the 
instrument  is  in  use.  The  fibre  suspension  introduces 
far  less  friction  to  the  motion  of  the  needle  than  the  best 
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jewel  and  pivot,  and,  in  addition,  costs  far  less  ;  but  with 
a  fibre  suspension  it  is  generally  necessary  that  the 
instrument  should  have  levelling  screws,  such  as  are  seen 
attached  to  G,  Fig.  56,  and  that  it  should  be  levelled 
before  being  used. 

A  galvanometer  needle  should  therefore  be  supported 
by  a  pivot  when  the  instrument  has  to  be  moved  about, 
and  used  quickly  in  different  positions.     But  when  the 
galvanometer  is  employed   in 
a    fixed    position,    and    great 
accuracy  is  desired,  the  needle 
ought  always  to  be  suspended 
by    a    fibre    of    uiispun    silk. 
For  the  exact  method  of  pre- 
paring a  silk  fibre  and  using 
it  to  suspend  a  needle  see  the 
Appendix,  page  566. 

31.  Sine  Law. — Another 
interesting  case  of  the  com- 
bination of  the  controlling  and 
deflecting  forces  (Fig.  41,  §  21,  Fig.  57. 

page  81)  occurs  when  the  con- 
trolling force,  N  P,  is  constant  in  magnitude,  but  not 
necessarily  in  direction ;  and  when  the  direction  of  the 
deflecting  force,  P  R,  instead  of  making  a  constant  angle 
with  the  controlling  force  N  P,  as  in  the  tangent  galvano- 
meter, makes  a  constant  angle  with  the  direction  of  the 
deflected  body. 

As  already  has  been  explained,  equilibrium  of  a 
needle,  whose  two  ends  are  symmetrical  with  the  coil, 
and  which  is  controlled  by  a  uniform  magnetic  field,  will 
occur  when  the  four  points  R,  N,  s,  R'  (Fig.  42,  page  81) 
are  in  one  straight  line.  Hence,  the  condition  that  the 
deflecting  force  P  R  (Fig.  41,  page  81)  makes  a  constant 
angle  with  the  needle,  is  equivalent  to  saying  that  the 
angle  P  R  N  is  a  constant. 

Now,  if  a  perpendicular,  P  u,  be  let  fall  from  P  on 
Nil  (Fig.  57),  the  sine  of  PNR,  that  is  the  sine  of  the 
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angle  the  needle  makes  with  the  direction  of  the  con- 
trolling force,  equals  the  ratio  of  P  u  to  N  P ,  while  the 
sine  of  p  R  N  equals  the  ratio  of  P  u  to  P  R.     Hence 
p  R         sin.  p  N  R  m 
p  N         sin.  p  R  N  ' 

but  by  hypothesis,  p  N  is  constant  in  magnitude,  so  also 
is  sin.  p  R  N,  therefore 

p  R  is  proportional  to  sin.  p  N  R. 

But  since  p  R,  the  deflecting  force,  makes  a  constant 
angle  with  the  needle,  the  needle  must  make  a  constant 
angle  with  the  coil.  And  this  is  the  condition  we  saw 
in  §  1 9,  page  70,  which  causes  the  deflecting  force  to  be 
proportional  to  the  current.  Hence  we  know  that  the 
deflecting  force  is  proportional  to  sin.  p  N  R,  also  that  the 
deflecting  force  is  proportional  to  the  current,  therefore 
the  current  must  be  proportional  to  sin.  P  N  R,  that  is  to 
the  sine  of  the  angle  the  needle  makes  with  the  direction 
of  the  controlling  force. 

Generally,  then,  we  may  say  that  if  a  body,  turning  on 
an  axis,  be  acted  on  by  two  forces  in  the  plane  in  which 
the  body  is  free  to  turn,  the  deflecting  force  will  be  pro- 
portional to  the  sine  of  the  angle  between  the  body  and 
the  controlling  force  if  : — 

(1st)  The  controlling  force  is  constant  in  magnitude, 
but  not  necessarily  in  direction. 

(2nd)   The  angle  between  the  direction  of  the  deflecting 
force  and  the  deflected  body  is  kept  constant. 

If  then  there  be  a  rod  N  N'  (Fig.  58) — short  or  long — 
turning  about  a  pivot  o,  and  acted  on  by  a  weight  w 
(and  we  apply  various  deflecting  forces  by  placing 
weights  w'  in  the  scale  pan),  and,  if  further,  after  the 
application  of  each  weight,  w',  we  alter  something  so  as 
to  bring  the  angle  between  the  rod  and  the  direction  of 
the  deflecting  force — that  is,  between  N  N'  and  N  Q — 
always  to  the  same  value,  these  deflecting  forces  will 
be  proportional  to  the  sines  of  the  angles  that  N  N' 
makes  with  N  p,  the  direction  of  the  controlling  force  w, 
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There  are  three  distinct  ways  in  which,  after  the 
application  of  different  deflecting  forces,  w',  the  angle 
between  N  N',  and  N  Q,  the  direction  of  the  deflecting 
force,  can  be  brought  always  to  the  same  value. 

(1st)  By  altering  the  direction  of  the  deflecting  force 
without  altering  its  magnitude. 

(2nd)  By  altering  the  direction   of   the   controlling 
force    without    altering 
its  magnitude. 

(3rd)  By  altering 
the  magnitude  of  the 
controlling  force. 

The  last  method  is 
inadmissible,  as  con- 
stancy in  the  magni- 
tude of  the  controlling 
force  is  a  condition  for 
the  sine  law  being  true. 
But  either  methods  (1) 
or  (2),  or  a  combina- 
tion of  them,  may  be 
employed. 

The  apparatus  seen 
in  Fig.  59  is  arranged 
for  utilising  the  first  of 
the  methods,  by  causing 
the  angle  between  N  N' 
and  the  direction  of  the 
deflecting  force,  to  have  the  same  value  in  any  one 
set  of  experiments.  On  inserting  different  weights 
w'  in  the  pan,  the  pivoted  rod  N  N'  will  be  pulled 
more  or  less  to  one  side,  and  the  angle  between  it  and 
the  deflecting  force  will  be  altered.  But,  if  for  each 
weight  the  screw  T  be  turned,  and  the  arms  OD  and 
E  Q  be  revolved  together  round  a  centre  o,  until  the 
pivoted  rod  N  N'  has  the  same  position  relatively  to  o  D, 
it  will  have  the  same  position  relatively  to  N  Q,  the 
direction  of  the  deflecting  force. 


Fig.  68. 
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When  making  a  set  of  measurements,  the  first  thing 
to  do  is  to  remove  the  silk  thread,  k  k,  off  the  pulley  p, 
and  place  the  scale  pan  on  the  base  board  of  the 
apparatus ;  then  rest  the  weight  w  on  a  block  of  wood, 
or  hold  it  in  the  hand,  so  that  both  the  deflecting  and 


Fig.   50.— Apparatus  for  Mechanically  Testing  the  Sine  Law.     Adjustment 
Made  by  Altering  the  Direction  of  the  Deflecting  Force. 

the  controlling  forces  are  removed.  The  counterpoise 
weight  c  is  then  screwed  in  or  out  until  the  rod  N  N' 
remains  balanced  in  any  position. 

Next  the  controlling  weight  w  is  allowed  to  pull 
the  rod  NN'  vertical,  and  the  scale  ss  is  adjusted,  so 
that  the  silk  thread  supporting  w,  and  the  reflection 
of  this  thread  in  the  piece  of  looking-glass  attached 
to  the  scale,  are  seen  coinciding  with  the  zero  on  the 
scale. 
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A  weight  w'  having  been  placed  in  the  scale  pan,  the 
screw  T  is  turned  until  the  reflection  of  a  projecting  point 
at  the  lower  end  of  N  N'  (seen  in  a  small  piece  of  looking- 
glass  G  carried  at  the  end  of  the  arm  o  D)  coincides  with 
a  scratch  on  this  glass.  This  device  enables  N  N',  after 
the  insertion  of  each  weight  w'  in  the  scale  pan,  to  be- 
very  accurately  caused  to  have  the  same  position  rela- 
tively to  o  D,  and 
therefore  relatively 
to  N  Q,  the  direction 
of  the  deflecting 
force. 

The  angle  which 
N  N'  makes  with  the 
direction  of  the  con- 
trolling force  is  N  o  u 
(Fig.  60),  and  its 
sine  the  ratio  of  u  N 
to  N  o.  But  the 
length  N  o  remains 
constant  as  N  N' 
turns  about  o,  there- 
fore the  sine  is  pro- 
portional to  u  N  or 
z  p,  that  is  to  the 
distance  the  silk  thread  supporting  the  controlling 
weight  w  has  moved  along  the  scale  s  s  from  its  zero  z. 

By  loosening  the  nut  n  (Fig.  59),  turning  the  arm  E  Q 
relatively  to  the  arm  o  D,  and  tightening  the  nut  n  again, 
E  Q  can  be  fixed  so  as  to  make  any  angle  with  o  D. 
Further,  by  sliding  the  screw  and  nut  n  along  the  slot, 
which  is  on  the  end  of  the  arm  o  D,  the  end  of  the  arm 
E  Q  can  be  fixed  at  various  distances  from  o ;  and  ex- 
periment shows  that  in  whatever  initial  position  the  arm 
E  Q  may  be  fixed  relatively  to  the  arm  o  D,  the  distances 
z  P  corresponding  with  a  set  of  deflecting  weights  w' 
are  proportional  to  these  weights,  provided  that  after  the 
insertion  of  each  weight  in  the  pan  the  screw  T  be 


Fig.  60. 
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adjusted  so  as  to  bring  N  N'  into  the  same  position  rela- 
tively to  N  Q. 

But  the  absolute  value  of  the  length  z  p  correspond- 
ing with  a  particular  weight  w'  put  in  the  scale  pan 
will  vary  with  the  position  in  which  the  arm  E  Q  is  fixed 

relatively  to  the  arm  o  D. 
If  it  be  only  desired 
to  make  a  series  of 
measurements  with  one 
angle  between  these  two 
arms  the  apparatus  may 
take  the  much  simpler 
form  illustrated  in  Fig. 
61,  which  is  also  of  a 
simpler  and  cheaper  cha- 
racter in  several  other 
particulars. 

As  already  explained 
(page  113),  there  is  an- 
other method  of  keeping 
the  angle  between  the 
deflecting  force  and  the 
movable  rod  constant 
when  different  weights 
w'  are  inserted  in  the 
scale  pan,  viz.,  by  alter- 
ing the  direction  of  the 
controlling  force.  The 
apparatus  indicated  in 
Fig.  62  enables  tests  to 

be  made  of  this  method  by  using  the  sine  principle. 
The  pulley  p1  is  fixed  in  one  definite  position  relatively 
to  the  stand  for  one  set  of  measurements,  and  after  the 
insertion  of  each  weight  w'  in  the  scale  pan  the  rod  N  o 
is  made  to  take  up  a  vertical  position,  and  therefore  to 
take  up  a  fixed  position  relatively  to  N  Q  the  direction 
of  the  deflecting  force.  This  is  effected,  not  by  altering 
the  position  of  the  pulley  plt  but  by  turning  the  screw  T, 


Fig.  61. — Simple  Apparatus  for  Mechanic 
ally  Testing  the  Sine  Law. 
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which  causes  the  pulley  p%  to  alter  the  direction  of  the 
controlling  force. 

The  scale  s  s  has  been  previously  adjusted,  so  that 
when  the  rod  N  o  is  acted  on  by  w  alone,  and  when  the 
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Fig.  62.— Apparatus  for  Mechanically  Testing  the  Sine  Law.    Adjustment 
Made  by  Altering  the  Direction  of  the  Controlling  Force. 


pulley  PQ  has  been  turned  on  one  side  so  that  the  force 
w  exerts  on  N  o  is  in  a  vertical  direction,  the  silk  thread 
supporting  w  and  its  reflection  in  the  mirror,  carried 
by  the  scale,  are  seen  coinciding  with  the  zero  line 
of  the  scale.  R  Y  will  then  be  proportional  to  the 
sine  of  the  angle  N  o  makes  with  the  controlling  force, 
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and  therefore  will  be  proportional  to  the  deflecting 
weight  w'. 

On  loosening  the  nut  n,  the  slotted  arm  E  (Fig.  62) 
can  be  turned,  also  raised  or  lowered,  so  that  the  pulley 
Pi  can  be  fixed  in  a  variety  of  positions  relatively  to  the 
vertical  rod  N  o,  and  the  angle  between  N  o  and  N  Q  can 
be  made  to  have  a  number  of  fixed  values.  Now  ex- 
periment shows  that,  whatever  may  be  the  value  of  this 
angle,  provided  that  it  is  maintained  at  one  fixed  value 
during  a  set  of  experiments,  the  weights  w'  are  directly 
proportional  to  the  lengths  R  Y — that  is,  are  proportional 
to  the  sines  of  the  angle  which  the  rod  N  o  makes  with 
N  x,  the  direction  of  the  controlling  force. 

32.  Employment  of  the  Sine  Principle  in  Galvano- 
meters.— Tii  any  galvanometer  in  which  the  controlling 
force  is  produced  by  the  earth's  magnetism,  or  by  any 
distant  fixed  magnet,  this  force  will  be  constant  in  magni- 
tude and  direction,  and  independent  of  the  needle  changing 
its  position ;  also  the  deflecting  force  produced  by  the 
current  passing  round  the  bobbin  can  be  made  to  have 
an  invariable  direction  relatively  to  the  needle  if  the 
bobbin,  or  the  framework  of  the  instrument  to  which  the 
bobbin  is  attached,  be  turned  round  after  the  deflected 
needle,  until  the  needle  and  the  bobbin  occupy  the  same 
position  relatively  to  one  another  for  each  value  of  the 
current  passing  through  the  galvanometer.  That  it  is 
possible  to  attain  this  result  arises  from  the  fact,  that, 
although  the  needle  turns  when  the  bobbin  is  turned,  they 
do  not  move  at  the  same  rate.  If  the  adjustment  just 
described  be  always  made,  the  sine  of  the  angle  through 
which  the  needle  has  been  deflected  from  the  position  of 
rest  which  it  occupied  when  no  current  was  passing 
round  the  bobbin,  will  be  the  angle  between  the  needle 
and  the  controlling  force,  and  will,  therefore,  be  directly 
proportional  to  the  current  strength. 

Now,  if  the  coil  be  placed  so  as  to  have  any  fixed 
position  relatively  to  the  needle,  both  when  no  current 
passes  through  the  coil  and  when  a  given  current  passes 
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through  it,  then  the  angle  through  which  the  coil  has 
to  be  turned  from  the  first  position  to  the  second  is 
the  same  as  the  angle  which  the  needle  makes  with  the 
controlling  force  ;  hence,  in  the  so-called  sine  galvano- 
meters, there  is,  in  addition  to  the  scale  moving  with  the 
bobbin,  an  independent  fixed  scale,  to  show  through  what 
angle  the  coil  has  been  turned.  This,  however,  is  not 
necessary,  since,  if,  after  the  coil  has  been  turned  until  it 
has  the  fixed  position  relatively  to  the  needle,  the  cur- 
rent be  interrupted  without  the  position  of  the  instru- 
ment being  disturbed,  then  the  needle  will  swing  back, 
and,  after  a  few  oscillations,  will  take  up  its  original 
undeflected  position,  the  angle  between  which  and  its 
deflected  position  will  be  the  angle  of  which  the  sine  has 
to  be  taken. 

For  example,  let  the  scale  of  a  galvanometer  be 
divided  into  degrees,  and  let  it  be  fixed  to  a  galvanometer 
coil,  but  the  position  of  the  coil  relatively  to  the  scale 
be  not  known ;  that  is  to  say,  the  angle  between  the 
plane  of  the  coil  and  the  line  passing  through  the  zero 
and  the  centre  of  the  scale  may  have  any  value  pro- 
vided that  their  value  is  fixed.  To  compare  then  the 
relative  strengths  of  currents  by  using  the  sine  principle 
we  proceed  as  follows  : — 

Send  one  of  the  currents  Cj  through  the  coil  and  turn 
the  galvanometer  round  until  the  needle  points  to  some 
definite  point  on  the  scale,  the  zero  point  for  example. 
Stop  the  current  and  wait  until  the  needle  comes  to  rest 
at  say  n\  degrees  from  the  point  on  the  scale  which 
has  been  chosen.  Perform  the  same  operation  with  the 
currents  C2  and  C3,  obtaining  angles  a?, -and  a  3  respec- 
tively, then 

C1:  C2:   C3  :  sin.  a?:  sin.  a^:  sin.  a  3. 

As  a  current  passing  through  a  coil  has  usually  the 
greatest  effect  on  a  magnetic  needle  suspended  inside  it 
when  the  axis  of  the  needle  is  perpendicular  to  the  axis 
of  the  coil,  this  is  the  fixed  position  of  the  coil  relatively 
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to  the  needle  usually  adopted,  and  the  one  in  which  the 
pointer  stands  at  0°  on  the  movable  scale.  But  this  par- 
ticular position  is  not  at  all  necessary  for  the  fulfilment 
of  the  sine  law,  and  therefore  special  precautions  need 
not  be  adopted,  as  in  the  case  of  the  tangent  galvano- 
meter (see  ante,  page  85),  to  ensure  that  the  axes  of  the 
needle  and  of  the  coil  are  at  right  angles  when  the  pointer 
stands  at  zero  on  the  scale. 

If  the  needle  of  a  galvanometer  be  supported  on  a 


Fig.  63.— Calibrating  a  Galvanometer  by  the  Sine  Method. 

pivot  so  that  a  slight  motion  of  the  galvanometer  side- 
ways does  not  shake  the  needle  out  of  position,  the  first 
method  (page  113)  is  the  easier  one  to  employ  for  causing 
the  needle  to  take  up  the  same  position  relatively  to  the 
deflecting  force  caused  by  different  currents  passing 
round  the  coil. 

Fig.  63  shows  an  arrangement  for  calibrating  a 
pivoted  needle  galvanometer  in  this  way.  Three  little 
blocks  of  wood,  of  which  two  only,  c,  c,  can  be  seen 
in  the  figure,  are  temporarily  fixed  so  as  to  allow  the 
galvanometer  to  be  turned  round  without  shifting  its 
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position,  a  precaution  of  practically  no  consequence  if  the 
needle  be  pivoted  and  the  controlling  force  be  due  to  the 
earth's  magnetism  alone,  but  desirable  if  the  whole  or 
part  of  the  controlling  force  is  produced  by  a  not  very 
distant  magnet.  Of  course  the  magnet  must  be  so  far 
away  that  neither  the  magnitude  nor  direction  of  its 
attraction  on  the  suspended  needle  is  altered  by  the 
turning  of  the  needle ;  but  this  need  not  be  very  far, 
unless  the  needle  employed  is  long,  v  is  a  vessel  con- 
taining two  zinc  plates  for  adjusting  the  strength  of  the 
current  by  placing  the  plates  at  different  distances  apart, 
or,  instead,  a  V-shaped  tube  containing  zinc  rods  as  seen 
in  Fig.  56,  page  1 09,  can  be  more  conveniently  employed 
for  this  purpose,  w  is  one  of  the  wires  leading  to  the 
current  generator,  and  T  is  the  terminal  to  which  the 
other  wire  is  attached. 

To  perform  the  calibration,  the  galvanometer  is 
placed  as  it  is  intended  to  be  subsequently  used,  and  a 
current  sent  through  it  producing  a  deflection,  d^  say ; 
then  the  galvanometer  is  turned  round  until  the  pointer 
points  to  some  fixed  mark  on  the  scale,  the  current 
stopped  and  the  angle  aL  observed  through  which  the 
pointer  moves  from  this  mark.  Next  the  galvanometer 
is  replaced  in  its  normal  position,  a  second  current  sent 
through  it,  producing  a  deflection  d2,  say ;  then  the  gal- 
vanometer is  turned  round  as  before  until  the  pointer 
points  to  the  same  fixed  mark,  the  current  stopped,  and 
the  angle  a3  observed  through  which  the  pointer  moves 
from  the  mark.  This  process  having  been  carried  out 
with  various  currents,  it  follows  from  what  precedes  that 
the  currents  which  produce  the  deflections  d^  d^  ds,  &c., 
when  the  galvanometer  is  kept  fixed  in  its  normal 
position  are  proportional  to  sin.  a1?  sin.  a2,  sin.  as,  &c. 

In  certain  cases,  even  although  the  needle  be  sus- 
pended by  means  of  a  silk  fibre,  it  may  be  possible  to 
pivot  the  galvanometer,  so  that  it  may  be  easily  turned,  in 
a  horizontal  plane,  about  the  axis  of  suspension  of  the 
needle  without  setting  the  needle  swinging.  Under 
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these  circumstances  the  method  of  turning  the  coil  so 
as  to  follow  the  needle  may  be  conveniently  employed. 
In  Fig.  64  is  seen  the  section  of  a  galvanometer  showing 
one  method  of  pivoting. 

The  galvanometer  is  of  the  type  described  in  §  33, 
page  125,  and  illustrated  in  Fig.  65,  the  section,  seen  in 


Fig.  64.— Section  of  Galvanometer  with  Silk  Fibre  Suspension  Pivoted  for 
Turning  round  its  Centre. 


Fig.  64,  passing  through  the  centre  of  the  instrument 
transverse  to  the  coils  c,  c,  which  are  fixed  to  the  base  b. 
A  screw,  s,  fastens  the  base  b  of  the  galvanometer  to 
the  base-board  B,  but  leaves  it  free  to  be  turned,  the 
bearing  surfaces  being  those  of  the  brass  pieces  s1  and  s.2, 
attached  respectively  to  b  and  B.  The  top  of  sl  is  filed 
flat,  and  a  washer  inserted  under  the  head  of  the  screw  s 
prevents  this  screw  from  being  tightened  or  loosened 
when  the  galvanometer  is  turned  about  it. 
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If  the  needle  be  suspended  by  means  of  a  silk  fibre 
and  hang  very  close  to  the  wires  of  which  the  coil  is 
made,  which  is  always  the  case  with  a  very  sensitive 
galvanometer,  the  instrument  must  be  carefully  levelled 
with  levelling  screws  until  the  needle  hangs  free  of 
the  coil.  In  such  a  case  it  would  be  quite  impossible 
to  turn  the  instrument  round  unless  its  construction 
were  specially  designed  for  that  purpose.  If  then 
the  sine  principle  be  applied  to  an  ordinary  sensitive 
galvanometer  the  second  method  (page  113)  must  be 
employed. 

The  controlling  magnet  must  be  put  sufficiently  far 
away  from  the  galvanometer  to  produce  a  field  that  is 
uniform  throughout  the  small  space  in  which  the  needle 
moves,  and  must  be  sufficiently  powerful  that  the  entire 
control  of  the  needle  is  practically  produced  by  this 
magnet  alone,  that  is  to  say,  if  the  controlling  magnet  be 
placed  at  the  distance  I,  say  at  which  it  is  to  be  used, 
and  with  its  axis  in  any  radial  line  passing  through  the 
centre  of  the  suspended  needle,  the  needle  must  place 
itself  in  this  radial  line  when  no  current  is  passing 
through  the  galvanometer. 

The  two  conditions  referred  to  at  the  beginning  of 
the  last  paragraph  can  be  most  easily  fulfilled  if  before 
commencing  the  experiment  the  magnetic  field  due  to 
the  earth — iron  gas-pipes,  &c. — be  neutralised  by  a 
magnet  suitably  placed,  and  left  untouched  during  the 
calibration. 

A  circle  of  radius  I,  and  with  its  centre  in  the  verti- 
cal line  about  which  the  needle  turns,  having  then  been 
drawn  on  the  table,  the  controlling  magnet  is  placed  on 
the  table  with  its  centre  at  different  points  on  the  cir- 
cumference of  this  circle,  and  with  its  axis  in  a  radial  line 
passing  through  the  vertical  line  about  which  the  gal- 
vanometer needle  turns  ;  then  the  currents  GI}  C2,  03,  &c., 
which  are  required  respectively  to  bring  the  needle  to 
some  fixed  position,  are  respectively  proportional  to  the 
sines  of  the  angles  a1?  a2,  a3,  &c.,  which  the  galvanometer 
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needle  makes  with  the  axis  of  the  controlling  magnet  in 
its  different  positions. 

This  novel  method  of  applying  the  sine  principle  to 
the  calibration  of  a  sensitive  galvanometer,  the  construc- 
tion of  which  did  not  allow  of  the  galvanometer  being 
moved  while  in.  use,  has  been  employed  with  success  in 
the  laboratories  of  the  Central  Technical  College. 

To  calibrate  a  galvanometer  by  the  employment  of 
the  sine  principle  requires  the  current  in  each  case  to 
remain  constant  long  enough  for  the  instrument  to  be 
turned  round  after  the  needle,  or  for  the  direction  of 
the  controlling  force  to  be  altered,  until  the  needle  and 
the  deflecting  force  are  brought  to  a  fixed  position 
relatively  to  one  another.  But  when  once  the  cali- 
bration curve  has  been  drawn,  a  galvanometer  so 
calibrated  can,  of  course,  be  used  to  measure  currents 
as  transient  as  a  galvanometer  calibrated  in  any 
other  way. 

33.  Construction  of  Galvanometers  in  which  the 
Angular  Deflection  is  directly  Proportional  to  the 
Current. — We  have  already  seen  (page  84)  that  the 
current  is  proportional  to  the  tangent  of  the  deflection 
of  the  galvanometer  needle,  when  neither  the  magnitude 
nor  direction  of  the  controlling  force  is  altered  as  the 
needle  moves  into  a  new  position  on  being  deflected,  and 
when,  in  addition,  the  direction  of  the  controlling  force 
is  at  right  angles  to  the  direction  of  the  force  with 
which  the  current  passing  round  the  coil  acts  on  the 
needle. 

In  order,  therefore,  that  the  angular  deflection  may 
be  directly  proportional  to  the  current,  we  must  either  . 
cause  the  needle  on  being  deflected  to  move  into  a  posi- 
tion in  which  the  current  passing  round  the  coil  acts 
more  powerfully  011  it,  or  into  a  position  in  which  the 
controlling  force  becomes  weaker ;  or  we  may  arrange 
that  both  these  results  may  be  produced. 

The  first  condition  may  be  obtained  in  a  rough  way 
by  employing  the  very  defect  of  construction  previously 
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referred  to  in  the  adjustment  of  the  tangent  galvano- 
meter, which  made  the  deflection  on  one  side  of  the 
zero  larger  than  that  produced  by  the  same  current  on 
the  other — viz.,  not  putting  the  coil  so  that  its  plane  was 
parallel  to  the  suspended  magnet  when  no  current  was 
passing  through  the  coil.  The  needle,  when  deflected  to 
that  side  on  which  the  greater  deflection  is  obtained,  will, 
instead  of  moving  from  a  stronger  to  a  weaker  part  of 
the  magnetic  field  produced  by  the  current,  move  at  first 
into  a  stronger  part,  and  then  afterwards  into  a  slightly 
weaker  part.  The  effect  of  this  arrangement  is  to  make 
the  proportional  law  connecting  current  and  deflection 
true  for  a  much  larger  deflection  from  the  undeflected 
position  of  the  needle  than  if  we  commenced  with  the 
needle  parallel  to  the  plane  of  the  coil  for  no  current. 
But  this  arrangement  has  the  disadvantage  that  it  can 
only  be  used  for  currents  deflecting  the  needle  to  one 
side  of  the  scale,  for,  if  the  current  be  flowing  in  the 
opposite  direction,  the  defect  of  want  of  proportionality 
between  current-strength  and  deflection  will  be  in- 
creased. 

This  plan,  by  means  of  which  the  proportionality  011 
one  side  of  the  scale  is  sacrificed  to  increase  that  on  the 
other,  has  been  employed  by  the  author,  and  later  on  by 
MM.  Carpentier  and  Deprez,  and  others,  for  making 
proportional  galvanometers. 

Another  device  for  causing  the  strength  of  the  deflect- 
ing field  to  increase  as  the  needle  deflects  is  employed 
in  the  galvanometer  originally  devised  by  Mr.  Mather 
and  Professor  Walmsley,  and  in  use  for  many  of  the 
experiments  of  the  first-year  students  at  the  Central 
Technical  College.  This  instrument,  as  illustrated  in 
Fig.  65,  consists  of  two  coils  shaped  as  shown,  and 
fixed  so  that  they  are  separated  by  a  distance  a  little  less 
than  the  length  of  the  needle.  The  galvanometer  is 
placed  so  that  when  no  current  is  passing  through  the 
coils  the  needle  hangs  symmetrically  between  them,  and 
when  the  controlling  field  is  a  uniform  one,  the  current 
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is  diructly  proportional  to  the  "angular  deflection  up  to 
45°  or  50°.    (See  page  147  for  plan  used  when  coil  moves.) 


Fig.  65.— Mather  and  Walmsley's  Proportional  Galvanometer. 


Even  although  the  controlling  magnet  of  a  galvano- 
meter be  rather  near  the  needle, 
the  controlling  field  may  be 
regarded  as  an  approximately 
uniform  one  if  the  deflections 
of  the  needle  be  all  very  small. 
Similarly  for  very  small  deflec- 
tions the  controlling  field  may 
be  regarded  as  approximately 
uniform  whatever  be  the  shape 
and  size  of  the  coil  or  of  the 
needle.  If  then,  in  addition, 
the  controlling  magnet  be  so 
placed  that  when  no  current  is 
passing  the  needle  makes  about 
the  same  small  angle  with  the 
plane  of  the  coil  on  one  side 
of  it  that  it  makes  with  that 
plane  on  the  other  side  for  the 
greatest  deflection  employed,  the 
distribution  of  the  forces  will  Fig.  06. 
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be  as  in  Fig.  66,  where  N  P  represents  the  magnitude 
and  direction  of  the  controlling  force,  P  RJ  the  magnitude 
and  direction  of  the  deflecting  force  for  current  1,  P  R2 
for  current  2,  P  R3  for  current  3,  &c.,  P  R2  being  twice 
p  RI}  P  R3  three  times  P  R15  &c. 

Therefore  the  angular  deflections  of  the  needle  for 
currents  1,  2,  3,  &c.,  are  P  N  RT,  P  N  R2,  P  N  R3,  &c., 
and,  as  these  angles  are  all  very  small,  and  the  base 
lines  are  proportional  to  the  currents,  it  follows  that 
the  angular  deflections  are  also  proportional  to  the 
currents.  Indeed  for  very  small  deflections  this  result 
will  be  nearly  true,  whether  the  angle  N  P  x  is  a  little 
less  than,  or  a  little  more  than,  or  exactly  equal  to  a 
right  angle  ;  that  is,  whatever  be  the  angle  the  needle 
makes  with  the  plane  of  the  coil  provided  that  this  angle 
is  small. 

34.  Galvanometers  of  Invariable  Sensibility.— Now 
that  measuring  currents  in  amperes  has  acquired  the 
same  sort  of  practical  importance  as  weighing  coals  in 
tons  or  finding  the  number  of  cubic  feet  of  gas  passing 
through  a  pipe,  it  is  necessary  to  have  galvanometers 
which  are  portable,  and  whose  indications  are  not 
affected  by  moving  the  galvanometer  from  one  place  to 
another,  or  by  placing  it  near  an  iron  pipe,  a  fire-place, 
or  even  near  the  powerful  electromagnets  of  the  dynamo 
machines  which  are  employed  for  the  mechanical  pro- 
duction of  electric  currents. 

An  instrument  of  this  type  must  be  "  direct-reading  "  ; 
that  is,  the  deflection  of  the  pointer  must  indicate  at 
once  the  current  in  amperes,  for  in  commercial  work 
there  is  no  time  to  refer  to  a  table  of  values,  not  to 
mention  the  risk  that  would  be  introduced  by  a  table  of 
values  belonging  to  some  other  instrument  being  used  by 
mistake. 

Such  instruments,  by  means  of  which  the  current  can 
be  read  off  at  once  in  amperes  without  any  calculation 
or  reference  to  any  calibration  curve,  are  called  "  am- 
meters" and  during  the  last  twelve  years  so  much 


1 28  PRACTICAL    ELECTRICITY.  [Chap.  II. 

attention  has  been  given  to  the  design  and  construction 
of  this  class  of  electrical  meter  that  it  is  now  possible  to 
measure  a  current  with  as  much  accuracy  as  a  leg  of 
mutton  can  be  weighed  in  a  pair  of  scales,  or  with  a 
spring-balance,  and  with  even  greater  facility. 

The  controlling  force  must  necessarily  be  exerted  in 
such  a  way  that  it  is  the  same  wherever  the  ammeter  is 
placed,  indeed,  many  ammeters  are  so  constructed  that 
the  controlling  force  is  not  changed  by  laying  the  instru- 
ment on  its  side,  or  in  any  other  position,  so  that  a  cur- 
rent can  be  read  off  equally  well  whether  the  ammeter  is 
lying  on  a  table,  hung  up  on  a  wall,  held  in  the  hand,  or 
used  on  board  a  ship  rolling  in  a  heavy  sea. 

There  are  three  distinct  ways  in  which  the  controlling 
force  is  exerted  in  ammeters. 

(1)  By    means   of   a    powerful   permanent    magnet 

placed  inside  the  instrument  and    rigidly  fixed 
to  it. 

(2)  By  means  of  a  spring. 

(3)  By  means  of  a  weight. 

The  first  two  methods  have  the  advantage  that  with 
their  use  the  moving  part  of  the  ammeter  can  be  balanced 
like  a  wheel  in  a  watch,  so  that  the  instrument  can  be 
made  to  read  correctly  in  any  position  ;  the  former  of 
these  two  has  also  the  further  advantage  that  as  the 
control  exerted  by  a  powerful  magnet  close  to  the 
ne'edle  is  very  large,  outside  magnetic  disturbances  have 
little  effect.  But  while  a  magnet  or  a  spring  can  be 
made  constant  enough  in  their  action  for  many  practical 
purposes,  their  variation  with  time  is  of  course  greater 
than  that  of  a  weight,  hence  the  third  method  of  control 
is  the  one  adopted  when  accuracy  is  of  more  importance 
than  portability. 

In  the  earlier  editions  of  this  book  several  ammeters 
were  described,  and  their  advantages  and  disadvantages 
compared.  But  the  methods  of  constructing  the  coils 
and  needles,  and  the  various  devices  that  are  now  adopted 
in  applying  the  controlling  force  in  one  or  other  of  the 
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three  ways  just  referred  to  have  become  so  m.msrous, 
that  anything  like  a  complete  description  of  all  the  types 
of  ammeters  now  in  use  and  an  examination  of  their 
relative  advantages  would  alone  fill  a  good- sized  book. 

Ammeters,  besides  differing  in  the  methods  used 
for  exerting  the  controlling  force,  also  differ  in  design, 
depending  on  whether  the  instrument  is  intended  to 
measure  currents  of  very  different  values,  or  only  cur- 
rents all  of  about  the  same  value.  In  the  former  case 
the  design  should  be  such  that  the  scale  is  equally  or 
nearly  equally  divided,  so  that  there  is  about  the  same 
distance  between  any  adjacent  pair  of  division  marks, 
while  in  the  latter  the  scale  should  be  very  "open";  that 
is,  the  division  marks  should  be  widely  separated  at 
the  one  part  of  the  scale  which  is  in  constant  use,  and 
crowded  together  at  those  parts  which  correspond  with 
currents  which  rarely  have  to  be  measured.  Instruments 
with  this  latter  type  of  scale  are  especially  employed 
when  an  ammeter  is  used  to  indirectly  measure  "  electric 
pressure  "  (see  §  49,  page  179). 

In  §  2  we  saw  that  when  a  conductor  conveying  a 
current  is  placed  near  a  magnet  there  is  a  force  exerted 
between  the  conductor  and  the  magnet,  tending  to  make 
them  move  relatively  to  one  another. 

The  force  acts  in  such  a  direction  that  a  wire  carry- 
ing a  current  tends  to  move  perpendicular  to  itself  and 
perpendicular  to  the  lines  of  force.  It  is  only  when  the  wire 
lies  along  the  lines  of  force  that  the  action  between  it  and 
the  magnet  is  nought,  however  strong  be  the  current  and 
however  powerful  the  magnetic  field.  With  any  other 
position  of  the  wire  relatively  to  the  direction  of  the 
magnetic  field  there  is  some  force,  and  this  force  has  its 
greatest  value  for  a  given  length  of  conductor  carrying 
a  given  current,  and  placed  in  a  field  of  given  strength, 
when  the  conductor  is  perpendicular  to  the  lines  of 
force. 

By  employing  a  very  powerful  magnet  the  force 
exerted  on  a  wire,  even  when  conveying  a  feeble  current, 
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can  be  made  considerable,  and  this  action  has  been  em- 
ployed by  Maxwell,  Lord  Kelvin,  Deprez,  d'Arsonval, 
and  others,  to  obtain  galvanometers  which  are  not 
only  very  sensitive,  but  the  indications  of  which  are 
very  little  affected  by  extraneous  magnetic  disturbance. 


Pig.  47.— Framework  of  Ayrton  and  Perry's  Permanent  Magnet  Ammeter. 


EARLY    FORMS    OF   AMMETERS. 


35.  Permanent  Magnet  Ammeter.— The  earliest 
ammeter,  having  an  equally  divided  scale  so  that  the 
deflection  in  degrees  was  directly  proportional  to  the 
current,  was  the  "  permanent  magnet  ammeter  "  devised 
by  Professor  Perry  and  the  author  in  1880.  The  coil 
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was  wound  on  the  two  halves  of  a  flat  brass  tube  A  A 
(Fig.  67),  shown  unwound  in  the  figure,  and  inside  this 
tube,  at  its  centre,  there  was  pivoted  a  small  soft-iron 
needle,  shaped  like  a  flat  ellipsoid,  nn  (Fig.  68)  and 
controlled  by  a  powerful  permanent  magnet,  M  M  (Fig.  67). 
The  weight  of  the  needle  and  of  the  pointer  p  was 
accurately  counterbalanced  by  a  small  weight,  w,  hence 
no  controlling 
force  was  intro- 
duced by  gravity, 
and  the  instru- 
ment could  be 
used  equally  well 
in  any  position. 

On  a  current 
flowing  round 
the  coil  there 
was  exerted  a 
greater  or  less 
force  tending  to 
place  the  axis  of 
the  needle  along 
the  axis  of  the 
brass  tube  A  A 

(Fig.  67),  while  the  controlling  magnet  M  M  exerted  a 
force  tending  to  place  the  axis  of  the  needle  along  the 
line  joining  the  tip  of  the  soft-iron  pole  pieces  P,  P  ;  the 
needle  therefore  placed  itself  in  the  direction  of  the 
resultant  magnetic  field. 

In  addition  to  giving  the  pole  pieces  the  shape 
seen  in  the  figure,  the  wire  was  heaped  up  somewhat 
near  the  ends  of  the  coil,  therefore  not  merely  did 
the  controlling  force  diminish  as  the  needle  deflected, 
but  the  deflecting  force,  for  a  given  current,  also 
increased.  Thus,  as  explained  in  §  33,  page  124, 
there  were  two  causes  tending  to  make  the  angular 
deflection  vary  in  direct  proportion  to  the  current 
flowing,  and,  when  sufficient  care  was  exercised  in 


Fig.  68.— Needle,  Staff,  and  Pointer  of  Ayrton  and 
Perry's  Permanent  Magnet  Ammeter. 
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winding    the    coil,    a    straight    line    calibration    could 
be  obtained. 

When,  however,  these  instruments  began  to  be  manu- 
factured in  large  quantities,  the  labour  of  modifying  the 
winding  of  the  coil  by  trial  until  direct  proportionality 


Fig.  69.—  Ayrton  and  Perry's  Permanent  Magnet  Ammeter. 

was  obtained  became  too  great,  and,  instead  of  depending 
only  011  the  shape  of  the  pole  pieces,  of  the  needle,  and 
of  the  coil  for  obtaining  a  straight  line  law,  two  soft-iron 
cores,  F,  F,  screwing  into  the  ends  of  the  brass  tube  were 
added,  and  by  screwing  these  cores  in  more  or  less  the 
rate  at  which  the  deflecting  force  (for  a  given  current) 
varied  with  the  position  of  the  needle  could  be  altered. 
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Later  on  a  third  plan  was  employed,  the  soft-iron 
pole  pieces  P,  P,  (Fig.  69)  were  themselves  made  adjustable, 
and  to  prevent  the  controlling  force  produced  by  the 
pole  pieces  when  withdrawn  falling  off  too  rapidly  as  the 
needle  deflected,  the  ends  of  the  poles  were  made  con- 
cave instead  of  convex  as  before.  These  movable  poles 
introduced  the  power  of  making  another  adjustment  in 
addition  to  that  effected  by  screwing  the  soft-iron  cores 
F,  F,  in  or  out  of  the  coil,  and  by  means  of  these  two 


Fig.  70. — Ayrton  and  Perry's  Permanent  Magnet  Ammeter.    Latest  Form 

adjustments  not  merely  could  the  angular  deflection  be 
made  nearly  proportional  to  the  current,  but  the  deflection 
for  the  same  current  could  be  increased  or  diminished. 
Thus  the  sensibility  of  the  instrument  could  be  adapted 
to  suit  the  engraved  direct-reading  scale  instead  of  each 
scale  having  to  be  engraved  somewhat  differently  to  suit 
the  sensibility  of  the  instrument. 

A  fourth  and  still  later  method  of  effecting  these 
two  adjustments  was  carried  out  by  Mr.  Esson,  illus- 
trated in  Eig.  70.  This  consisted  in  obtaining  the 
straight  line  law  by  screwing  in  or  out  the  soft-iron 
screws  s,  s,  the  ends  of  which  formed  the  magnetic  tips 
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of  the  pole  pieces,  while  the  right  sensibility  was  arrived 
at  by  turning  the  brass  nuts  N,  N,  and  so  lifting  the 
coil  with  the  needle  and  pointer  bodily  more  or  less 
out  of  the  magnetic  field  created  by  the  permanent 
controlling  magnet. 

The  Ayrton  and  Perry  permanent  magnet  ammeter 
had  an  important  advantage  over  the  various  types  of 
soft-iron  needle  ammeters  that  are  at  present  constructed, 
in  that  the  deflection  of  the  pointer  indicated  not  merely 
the  strength  of  the  current  but  also  its  direction  ;  for 
in  certain  cases,  such  as  the  charging  of  "  secondary " 
cells,  the  supply  of  current  to  "  arc  lamps"  a  knowledge 
of  the  direction  of  the  current  is  as  important  as  the 
measurement  of  its  strength. 

To  cause  the  deflection  of  the  pointer  to  be  exactly 
the  same  on  the  two  sides  of  the  zero  when  a  current 
was  reversed,  an  adjustment  was  necessary,  but  this  was 
easily  effected  in  the  Esson  method  of  construction  by 
turning  the  coil  about  the  brass  screw  which  held  it  to 
the  bar  at  the  back  of  the  magnet,  this  screw  being 
placed  so  that  a  line  drawn  through  it  passed  through 
the  centre  of  the  needles. 

By  employing  a  very  short  needle,  and  a  very  light 
pointer  made  of  thin  aluminium,  corrugated  to  give  it 
mechanical  strength,  the  combination  seen  in  Fig.  68 
had  only  a  small  moment  of  inertia.  This,  combined  with 
the  very  strong  permanent  magnet  to  produce  the  con- 
trol, rendered  the  instrument  very  "dead  beat"  There- 
fore, instead  of  the  needle  being  set  swinging,  and  only 
coming  to  rest  after  some  time,  when  a  change  suddenly 
occurred  in  the  current,  the  needle  moved  sharply  into 
its  new  position,  and  all  such  changes  even  if  quickly 
produced  were  accurately  indicated. 

The  "dead  beat"  character  of  the  permanent  magnet 
ammeter,  its  extreme  freedom  from  extraneous  magnetic 
disturbance,  its  power  to  indicate  the  direction  of  the 
current  as  well  as  its  strength,  and  the  fact  that  this 
form  of  ammeter  could  be  used  in  a  horizontal  or 
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vertical  position,  or  even  on  board  a  rolling  ship  or  on 
a  rapidly-going  train,  led  to  many  thousands  of  them 
being  employed,  in  spite  of  the  fact  that  their  sensibility 


Fig.  71. — Ayrton  and  Perry's  Magnifying  Spring  Ammeter. 

gradually  became  g'reater  as  the  permanent  magnet  grew 
weaker. 

36.  Magnifying  Spring  Ammeter. — Another  form 
of  ammeter  devised  by  Professor  Perry  and  the  author 
in  1883  is  seen  in  Fig.  71,  and  is  called  a  "magnifying 
spring  ammeter"  because  its  action  depends  on  the  use  of 
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tliis  particular  form  of  spring  described  in  §  16,  page  65. 
T  T  is  a  thin  tube  of  charcoal  iron,  attached  at  its 
lower  end  to  a  brass  cap  c,  terminated  in  a  brass  pin  p, 
guided  at  the  bottom  in  the  way  shown.  To  c  is  attached 
the  lower  end  of  the  magnifying  spring  s  (made  of  hard 
phosphor  bronze),  the  upper  end  of  which  is  attached 
rigidly  to  a  brass  pin  p,  passing  through  a  hole  in  the 
glass  top  of  the  apparatus  G  G,  and  fastened  by  means  of 
a  screw  and  nut  to  the  brass  milled  head  H  outside  the 
glass  top.  This  pin  p,  to  which  the  upper  end  of  the 
spring  is  attached,  also  serves  as  a  guide  for  the  top  of 
the  iron  tube. 

In  the  space  w  w  there  is  wound  a  coil  of  insulated 
copper  wire  or  a  coil  of  copper  strip,  seen  in  section  in 
the  figure,  the  copper  strip  being  insulated  by  a  strip  of 
paraffined  silk  being  wound  between  the  layers  of  copper. 
The  ends  of  the  coil  are  attached  to  the  terminals.  Now 
when  a  current  is  passed  through  this  coil  the  iron  tube 
is  sucked  down  into  it,  and  its  lower  end  c,  to  which  the 
spring  is  attached,  receives  a  large  rotatory  motion, 
which  is  communicated  directly  to  the  pointer  rigidly 
attached  to  the  top  of  the  iron  tube.  Parallax,  in 
taking  readings  of  the  pointer,  is  avoided  by  the  hori- 
zontal scale  having  a  piece  of  looking-glass  let  in  it  in  the 
well-known  way. 

The  equality  of  the  divisions  throughout  the  whole 
scale  depends  on  the  fulfilment  of  three  conditions  : — 

1st.  Placing  the  iron  tube  just  so  far  inside  the  coil 
that  the  downward  pull  for  a  given  current  varies  but 
little  with  a  small  upward  or  downward  position  of  the 
tube. 

2nd.  Employing  the  magnifying  spring  so  that  a 
large  motion  of  the  pointer  is  obtained  with  a  very  small 
downward  motion  of  the  iron  tube. 

3rd.  Making  the  iron  tube  extremely  thin  so  that  it 
is  "  magnetically  saturated"  with  a  current  passing 
round  the  coil  smaller  than  the  instrument  is  intended  to 
measure.  Hence,  for  all  currents  to  be  measured  the 
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tube  behaves  as  if  it  were  a  permanent  magnet  of  constant 
strength. 

Practically,  then,  the  tube  behaves  as  a  permanent 
magnet  in  a  fixed  position.  Hence,  as  explained  in  §  19, 
page  70,  the  force  exerted  is  directly  proportional  to  the 
current,  and,  since  the  rotation  of  the  free  end  of  a 
magnifying  spring  is  directly  proportional  to  the  stretch- 
ing force,  it  follows  that  the  angular  deflection  of  the 
pointer  is  directly  proportional  to  the  current.  Prac- 
tically, this  is  found  to  be  true  through  a  range  of  about 
270°,  excluding  the  first  15°  corresponding  with  currents 
too  small  to  saturate  the  iron,  and  therefore  for  the  first 
15°  from  zero  the  scale  is  not  graduated. 

Experiment  shows  that  the  iron  tube  should  be 
placed  with  about  two-thirds  of  its  length  inside  the 
coil,  for  if  an  iron  core  be  lowered  into  a  coil  round 
which  a  constant  current  is  flowing  the  pull  for  a  core 
and  coil  of  the  same  length  is  found  to  increase  until 
about  two-thirds  of  the  core  is  inside  the  coil,  then  it 
remains  practically  constant  as  the  core  is  lowered 
through  a  certain  distance,  next  the  pull  falls  off  with 
more  or  less  rapidity,  and  finally  becomes  nought  when 
the  centre  of  the  core  coincides  with  the  centre  of  the  coil. 

This  instrument  being  direct-reading,  has  to  be  pro- 
vided with  an  adjustment  for  sensibility,  and  this  is 
obtained  partly  by  the  amount  of  wire  or  strip  that  is 
wound  on  the  bobbin,  and  partly  by  means  of  a  small 
movable  bobbin,  wound  with  a  coil  of  fine  wire  of  the 
same  length  as  that  employed  in  winding  the  main  coil, 
joined  up  in  parallel  with  the  main  coil.  This  movable 
coil  slides  up  and  down  on  the  main  bobbin,  and  by 
trial  a  position  is  found  for  it  such  that  the  readings 
on  the  dial  are  correct,  and  in  that  position  this 
auxiliary  coil  is  permanently  fixed  by  the  maker  of  the 
instrument. 

The  pointer  will  deflect  in  the  same  direction,  no 
matter  which  way  the  current  passes  through  the  in- 
strument, and  owing  to  the  softness  of  the  iron  used  in, 
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making  the  tube  T  T,  and  the  smallness  of  its  mass,  there 
is  but  very  little  residual  magnetism  left  in  it ;  hence, 
the  pointer  indicates  the  correct  strength  of  the  current, 
no  matter  which  way  it  passes  through  the  instrument. 
To  ascertain  the  direction  of  the  current,  a  small  compass 
needle  is  let  into  the  base  of  the  instrument,  as  seen  in 
the  front  right-hand  corner  of  Fig.  71,  and,  to  avoid  a 
reversal  of  the  magnetism  of  this  compass  needle  should 
a  large  current  be  suddenly  sent  through  the  ammeter, 
the  little  box  containing  the  needle  is  made  of  fairly 
thick  iron. 

It  might  at  first  sight  be  thought  that  the  indications 
of  the  magnifying  spring  ammeter  would  be  easily 
affected  by  the  presence  of  any  neighbouring  magnet. 
This,  however,  is  not  the  case,  and  arises  from  the  fact 
that  the  main  motion  of  the  iron  tube  is  a  bodily  down- 
ward one,  a  motion  of  translation  and  not  a  motion  of 
rotation.  Now  a  motion  of  translation  cannot  be  pro- 
duced by  a  distant  magnet,  no  matter  how  powerful  it 
may  be,  whereas  even  a  distant  weak  magnet  can  pro- 
duce a  rotatory  motion  and  deflect  the  needle  of  an 
ordinary  galvanometer.  This  experiment  "can  be  easily 
tried  by  floating  a  compass  needle  on  a  piece  of  cork  in  a 
basin  of  water  and  holding  a  magnet  a  foot  or  two 
away.  The  needle  will  turn  so  as  to  place  itself  along 
the  lines  of  force,  but  if  the  magnet  be  far  enough  awray 
the  field  is  a  uniform  one  over  a  small  space  round  the 
needle  (see  §  19,  page  70).  The  needle  will  not  move 
bodily  so  as  to  approach  the  magnet  no  matter  how 
strong  the  latter  may  be. 

Hence,  the  magnetism  of  even  a  powerful  dynamo 
machine  two  or  three  feet  away  from  a  magnifying  spring 
ammeter  will  not  affect  its  indications. 

SOME  MODERN  FORMS  OF  AMMETERS. 

37.  Gravity  Control  Ammeters.  —  Unless  it  is 
required  to  use  an  ammeter  in  several  different  positions, 
the  control  at  the  present  day  is  usually  produced  by  a 
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weight,  and,  in  order  that  the  same  type  of  instrument 
may  be  easily  modified  during  construction,  so  that  the 
scale  may  either  be  approximately  equally  divided,  or, 
instead,  made  very  open  at  some  particular  part,  the 


Figs.  72,  72a,  and  72b.—  Schuchert  Gravity  Control  Ammeter,  two-thirds  of 
full  size. 

deflecting  force  is  often  produced  by  the  attraction  or 
repulsion  of  two  or  more  pieces  of  soft  iron,  one  being 
fixed  and  the  other  movable,  and  both  magnetised  by 
the  current  flowing  through  a  coil  surrounding  the 
entire  soft-iron  system. 
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Figs.  72,  73,  and  74  represent  the  working  parts 
of  three  such  "gravity  control  ammeters"  each  shown 
two-thirds  full  size ;  the  coil  of  wire  and  brass  tube 
inside  the  coil  being  partially  cut  away  so  that  the 
needle  may  be  clearly  seen.  Figs.  72a,  73a,  and  74a 
show  the  needles,  also  two-thirds  full  size,  withdrawn 
from  the  brass  tube.  In  Figs.  72,  73,  74,  and  74ti  the 
needles  are  seen  in  the  positions  they  occupy  when  no 
current  passes  round  the  coil,  while  in  72a  and  73a 
they  are  shown  as  if  deflected  by  a  current  passing 
round  the  coil  strong  enough  to  turn  the  pointer  into 
a  vertical  position. 

The  first  of  this  group  of  figures,  Fig.  72,  illustrates 
the  type  of  gravity  control  ammeter  constructed  by 
Messrs.  Schuckert  at  Nurnberg,  and  much  employed  on 
the  Continent.  The  needle  is  made  out  of  a  sheet  of 
thin  soft  iron  bent  so  that  it  has  one  plane  face  A  B  c  D 
(Fig.  72a),  passing  through  the  axis  of  rotation  A  D, 
and  a  curved  face,  B  E.  The  weight  of  the  pointer  p  p, 
which  is  attached  to  the  needle  along  the  edge  A  B 
of  its  plane  face,  A  B  c  D,  is  adjusted  so  that  when 
no  current  is  passed  round  the  coil  the  needle  and 
pointer  hang  as  is  shown  in  Fig.  72,  and  also  by  the 
continuous  white  line  in  Fig.  726.  If  the  axis  of  rota- 
tion AD  were  placed  along  the  axis  of  the  cylindrical 
coil,  no  deflection  of  the  needle  would  be  produced 
by  any  current  passing  round  the  coil,  therefore  the 
needle  is  pivoted  eccentrically.  And,  since  the  mag- 
netic field  produced  by  a  given  current  flowing  round 
the  coil  increases  in  strength  as  we  proceed  from  the 
axis  of  the  coil  outwards,  the  curved  face  of  the  needle 
is  attracted  into  the  position  shown  in  Fig.  12a  when 
the  current  is  about  half  as  strong  as  the  ammeter  is 
intended  to  measure,  and  into  the  position  indicated 
by  the  dotted  white  line  in  Fig.  726  for  a  much  larger 
current. 

The  controlling  couple  is  produced  by  the  weight  of 
the  needle  and  pointer,  the  weight  of  the  pointer  assisting 
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the  deflecting  force  for  currents  smaller  than  that  which 
brings  the  pointer  to  the  vertical  position,  seen  in  Fig.  72&, 
and  resisting  the  deflecting  force  for  larger  currents. 


Figs.  73  and  73«.— Nalder  Gravity  Control  Ammeter,  two-thirds  of  full  size. 


Fig.  73  represents  the  gravity  control  ammeter  coiv 
structed  by  Messrs.  Nalder,  and  much  used  in  Great 
Britain.  In  this  instrument  the  needle  consists  of  a 
bundle  of  three  soft-iron  wires,  AB  (Fig.  73«),  fixed  to 


142  PRACTICAL    ELECTRICITY.  [Chap.  II. 

one  end  of  the  pointer  A  p  which  turns  about  the  axis  E  p. 
When  no  current  passes  round  the  coil  the  counterpoise 
weight  w  hangs  vertically  and  brings  the  bundle  of  three 
soft-iron  wires,  A  B,  close  to  a  fixed  soft-iron  wire,  c  D, 
which  is  fastened  to  the  framework  carrying  the  back 
jewel  in  which  the  staff  E  F  of  the  needle  is  pivoted  at  p. 
All  these  iron  wires  are  magnetised  in  the  same  way 
when  a  current  passes  round  the  coil,  with  a  north- 
seeking  magnetic  pole,  say,  at  A  and  c,  and  a  south- 
seeking  pole  at  B  and  D.  Consequently  the  bundle 
of  iron  wires  A  B  is  repelled  from  the  stationary 
iron  wire  c  D,  with  a  force  which  is  the  greater  the 
larger  the  current  \  the  needle  A  B  and  the  pointer 
Ap  are,  therefore,  caused  to  turn  and  lift  the  counter-, 
poise  weight  w  through  an  angle  which  measures  the 
current  flowing. 

For  a  given  needle  the  angle  through  which  the 
pointer  is  turned  by  a  given  current,  say  100  amperes, 
may  be  made  as  large  as  we  like,  either  by  winding  the 
coil  with  a  greater  number  of  turns  of  finer  wire,  or  by 
screwing  the  counterpoise  weight  along  the  screw  pin 
which  carries  it,  so  that  the  weight  is  brought  nearer  the 
axis  of  rotation. 

In  Figs.  74  and  74#-  is  seen  the  interior  of  the  latest 
form  of  the  Evershed  instrument.  Along  the  axis  of  a 
brass  tube,  T  T  (Fig.  74),  there  is  pivoted  a  staff,  s  s  (Fig. 
74«),  to  which  is  attached  concentrically  the  needle  A  B, 
made  of  soft  iron  in  the  shape  of  a  half  cylinder,  and 
outside  this  brass  tube  T  T  there  is  slipped  a  little  collar, 
c  D  (Fig.  74#),  made  of  soft  iron  and  shaped  as  shown. 
Fig.  74,  therefore,  shows  the  working  parts  as  they 
would  appear  if  the  coil  of  wire  were  partially  cut  away, 
while  Fig.  74«.  indicates  the  moving  parts  together  with 
the  iron  collar  c  D,  as  if  left  in  the  position  in  which  it 
is  actually  held  by  the  brass  tube  T  T  after  this  brass 
tube  has  been  removed. 

When  a  current  flows  round  the  coil  the  curved  iron 
needle  A  B  is  magnetically  pulled  round,  against  the 
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action  of  the  controlling  weight  w,  so  as  to  fill  up  the 
space,  more  or  less,  where  the  iron  has  been  cut  away 


Fig.  74. 


Figs.  74  and  74«.---Evershed  Gravity  Control  Ammeter,  two-thirds  of  full  size. 
Latest  form. 


from  the  collar  c  D,  and  the  shape  of  the    calibration 
curve   of    the   instrument   depends   on   the   exact   way 
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in  which  the  iron  has  been  cut  away  from  the  collar 
c  D,  and  on  the  position  of  the  collar  relatively  to  the 
needle  when  the  pointer  is  at  zero.  By  turning  this 
collar  more  or  less  round  the  brass  tube  T  T  (Fig.  74), 
on  which  it  is  somewhat  tightly  fitted,  the  shape  of 
the  calibration  curve,  can  be  entirely  altered.  Hence, 
with  exactly  the  same  construction  of  instrument 
equal  additions  of  current  may  be  made  to  produce 
nearly  equal  increments  in  the  angular  deflection — that 
is,  the  scale  may  be  a  uniform  one,  or  else  the 
pointer,  when  at  one  definite  part  of  the  scale,  may 
be  caused  to  move  through  a  considerable  angle  for 
a  small  change  in  ths  current  compared  with  the 
change  that  is  necessary  to  produce  the  same  angular 
variation  in  the  deflection  at  other  parts  of  the  scale. 
That  is,  the  scale  may  be  made  very  open  at  one  par- 
ticular part  corresponding  with  that  value  of  the 
current  for  which  it  is  desired  to  measure  a  change 
with  special  accuracy. 

With  the  shape  of  the  collar  which  is  shown  in 
the  figure,  and  with  the  position  in  which  it  is  shown 
the  scale  is  very  open  at  about  two-thirds  of  its 
length  reckoning  from  the  zero,  and  the  particular 
current  that  produces  this  deflection  can  be  varied 
by  altering  the  number  of  convolutions  of  wire  on 
the  coil  or  by  screwing  the  counterpoise  weight  w 
(Fig.  74a)  along  the  screw  pin  that  carries  it,  so  as  to 
fix  this  weight  nearer  to,  or  farther  from,  the  axis  of 
rotation  s  s. 

The  simplicity  of  construction  of  this  new  form  of 
Evershed  instrument,  combined  with  the  ease  with  which 
it  can  be  made  to  have  either  a  uniform  or  an  open  scale, 
renders  it  even  superior  to  his  older  form,  of  which  many 
thousands  are  in  daily  use. 

38.  Moving  Coil  Ammeters. — A  very  convenient, 
portable  and  accurate  moving  coil  ammeter  has  been 
perfected  by  Mr.  Weston,  of  Newark,  America,  and 
is  seen  in  Figs.  75  and  75a,  about  one-third  full  size, 
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partially  taken  to  pieces.     The  particular  specimen  of 
Weston   instrument   shown   is  called  a  " milammeter" 


Fig.  75ot. 


Figs.  75  and  75«. — Weston  Milannneter,  or  Small  Current  Ammeter,  one- 
third  of  full  size. 


because  a  current  may  be  directly  measured  with  it 
in  "  milli-amperes,"  or  thousandths  of  an  ampere.  The 
moving  coil  c  c,  which  can  be  easily  seen  in  Fig.  756, 
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where  one  end  of  the  permanent  magnet  and  a  portion 
of  one  of  the  iron  pole  pieces  are  shown  broken  away, 
(this  figure  being  about  two-thirds  of  full  size),  consists  of 
a  number  of  convolutions  of  fine  wire  wound  on  a  little 
flat  aluminium  frame,  pivoted  top  and  bottom  in  jewelled 
centres,  ,T,  and  controlled  by  two  spiral  hair  springs,  s,  s, 
made  of  non-magnetic  material,  the  springs  also  serving  to 

lead  the  current 
into  and  •  out  of 
the  moving  coil. 
The  inner  ends  of 
these  two  springs 
are  attached  to 
the  steel  pivots 
on  which  the  coil 
turns,  and  the 
pivots  themselves 
are  soldered  re- 
spectively to  the 
two  ends  of  the 
wire  with  which 
the  coil  is  wound. 
The  outer  ends 
of  these  spiral 
springs,  s,  s,  are 
fastened  to  the 

tips  of  two  arms  used  for  regulating  the  springs.  One 
of  these  arms,  R,  is  seen  at  the  top  of  the  instrument 
(Figs.  75  and  756),  and  a  portion  of  the  lower  regulating 
ami  is  just  seen  at  the  bottom  of  Fig.  756.  Flexible 
wires  soldered  to  the  other  ends  of  these  movable 
arms  lead  the  current  to  and  from  the  terminals  of  the 
ammeter  T,  T. 

To  the  ends  of  the  horse-shoe  magnet  M  M  there  are 
attached  curved  iron  pole  pieces,  P,  p,  and  in  the  centre  of 
the  moving  coil  there  is  a  stationary  soft-iron  cylinder,  i,  so 
that  the  magnetic  lines  of  force  passing  from  the  poles  of 
the  magnet  to  the  core  are  nearly  radial  (see  Fig.  37,  §  20, 


Fig.  75b.— Coil,  Pole  Pieces  of  Magnet,  Springs, 
etc.,  of  the  Wrston  Milammeter.  About  two- 
thirds  of  the  full  size. 
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page  75).  Hence  the  force  exerted  on  the  coil,  when  a 
given  current  passes  through  it,  is  but  little  changed  by 
the  position  of  the  coil,  and  therefore  is  nearly  directly 
proportional  to  the  current  flowing  even  although  the 
coil  is  deflected.  The  controlling  torque  exerted  by  the 
springs  is  proportional,  or  very  nearly  proportional,  to 
the  angle  through  which  the  coil  is  turned,  therefore  the 
angular  deflection  of  the  coil  and  of  the  pointer  in  degrees 
is  very  nearly  directly  proportional  to  the  currents  in 
amperes,  as  is  seen  from  the  divisions  of  the  scale  x 
being  all  nearly  equal  to  one  another.  This  scale,  on 
which  the  current  is  read  off  directly  in  milli-amperes, 
is  fixed  over  the  curved  portion  of  the  permanent  magnet 
M  M,  and  the  whole  is  protected  by  the  cover  Y  (Fig.  75a) 
when  the  instrument  is  fitted  together. 

The  clearance — that  is,  the  space  between  the  poles 
p,  P,  and  the  core  I  in  which  the  coil  turns — is  very  small, 
being  in  some  of  the  Weston  instruments  only  (KM  of  an 
inch.  This  enables  the  magnetic  field  to  be  made  very 
strong,  and  also  very  constant  in  strength.  The  frame- 
work and  the  coil  wound  on  it  are  made  very  light,  the 
total  weight  of  frame,  coil,  pointer  and  counterpoise 
being  in  some  instruments  only  2 "25  grammes.  This 
small  mass,  combined  with  strength  of  the  magnetic  field 
and  the  corresponding  strength  of  the  control  springs, 
causes  the  instrument  to  be  very  quick  in  its  action. 
Further,  when  the  coil  swings  in  the  magnetic  field,  pro- 
duced by  the  permanent  magnet,  "eddy  currents"  or 
"Foucault  currents"  are  induced  in  the  aluminium  frame 
on  which  the  coil  is  wound  and  flow  in  such  a  direction 
that  the  magnetic  field  acting  on  these  eddy  currents 
checks  the  motion  of  'the  coil.  Hence  any  vibrations  of 
the  coil  are  rapidly  damped,  and  the  "  Weston  ammeter  " 
is  therefore  very  dead  beat.  Lastly,  as  the  moving 
system  is  very  carefully  balanced,  this  ammeter  can  be 
used  in  any  position. 

The  maximum  thickness  that  can  be  given  to  the 
material  of  the  spiral  springs  s,  s,  however,  is  very  small, 
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otherwise  they  would  become  too  rigid  for  the  coil  to  -be 
easily  deflected.  Hence,  the  current  that  can  be  sent 
through  the  coil  of  a  Weston.  instrument  without  heating 
the  springs  is  only  quite  small.  For  using  this  instru- 
ment to  indirectly  measure  large 
currents  see  §  53,  page  188. 

A  simple  form  of  moving 
coil  ammeter,  seen  in  Fig.  76,  is 
constructed  by  Messrs.  Paul. 
It  consists  of  a  deep  cylindrical 
permanent  magnet,  M,  with  a 


Fig.  ?6. — Ayrton  and  Mather's  Moving 
Coil  Ammeter,  about  one-fourth  of 
the  full  size. 


Fig.  76a.— Moving  Coil,  full 
size,  of  Ayrton  end 
Mather's  Ammeter. 


very  narrow  air  gap.  In  this  gap  is  suspended,  by 
means  of  a  very  thin  strip  of  phosphor  bronze,  a  coil 
wound  in  accordance  with  the  principle  developed  by 
Mr.  Mather  and  the  author  for  obtaining  the  greatest 
deflecting  torque  with  a  given  strength  of  field,  a  given 
current,  a  given  number  of  windings  of  wire  on  the  coil, 
and  a  given  moment  of  inertia.  The  coil,  which  is  shown 
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full  size  in  Fig.  76a,  has  no  stationary  iron  core  in  its 
centre,  as  in  the  Weston  ammeter,  but  the  bundle  of  wires 
which  form  one  side  of  the  coil  c  are  nearly  in  contact 
with  the  bundle  of  wires  forming  the  other  side  c,  so  that 
the  cross-section  of  the  coil  has  the  form  of  two  circles 
almost  touching  one  another.  The  coil  is  contained  in  a 
thin  tube,  T  T,  made  of  silver  partly  to  protect  it  from 
mechanical  injury  and  partly  in  order  that  the  instru- 
ment may  be  rendered  dead  beat  by  the  eddy  currents, 
which  are  induced  in  the  good  conducting  silver  tube 
when  it  swings  in  the  magnetic  field,  damping  the  motion 
of  the  tube  and  quickly  bringing  it  to  rest. 

One  of  the  terminals  of  the  ammeter  TI  (Fig.  76) 
is  connected,  by  means  of  the  spiral  of  wire  s  with 
the  top  of  the  phosphor-bronze  strip,  and  the  bottom 
of  this  strip  is  gripped  in  the  screw-clip  Sj  (Fig.  76&), 
to  which  one  end  of  the  wire  wound  on  the  coil  c  c 
is  soldered.  The  other  end  of  tile  coil  of  wire  is 
soldered  to  a  similar  screw-clip,  S0,  at  the  bottom  of 
the  silver  tube,  one  or  both  of  these  clips  being  insu- 
lated from  the  tube  itself  by  a  collar  of  ebonite,  E, 
and  in  the  lower  clip  S3  is  gripped  the  upper  end  of 
a  spiral  made  out  of  extremely  fine  phosphor  bronze, 
the  lower  end  of  this  spiral  being  attached  to  the 
terminal  T2  (Fig.  76). 

Or  instead  of  using  the  screw-clips,,  SL  and  s.2  (Fig. 
76a),  the  bottom  of  the  straight  strip  of  phosphor 
bronze,  which  supports  the  coil,  and  the  top  of  the 
phosphor-bronze  spiral,  which  is  used  to  make  electric 
connection  with  the  lower  end  of  the  coil,  may  be 
soldered  in  position.  But  in  that  case  solder  which 
melts  at  a  temperature  not  much  above  that  of  boiling 
water  should  be  employed,  otherwise  the  elasticity  of 
the  phosphor  bronze  will  be  diminished  by  the  heat 
employed  in  the  soldering. 

The  pointer  pp  (Fig.  7 6 a)  is  made  of  a  narrow  tube 
formed  out  of  very  thin  aluminium  sheet,  the  ends  of 
this  tube  being  squeezed  flat  on  a  vertical  plane  at  the 
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place  where  it  projects  over  the  scale  so  that  the 
deflection  may  be  accurately  read.  The  best  way  of 
fastening  the  pointer  to  the  silver  tube  is  as  follows  : 
Under  the  top  clip  sx  there  is  screwed  a  piece  of  alu- 
minium t  A  B  cut  out  of  somewhat  thicker  aluminium 
sheet  than  that  used  for  making  the  pointer,  and  shaped 
as  shown.  The  narrower  end  of  this  piece  is  rolled  up 
into  a  little  tube,  t,  into  which  the  end  of  the  tubular 
pointer  is  inserted  and  fixed  in  position  with  a  touch 
of  varnish. 

On  removing  the  glass  shade  G  G  (Fig.  76)  which 
covers  up  the  ammeter  and  protects  it  from  dust  and 
draught,  the  pointer  can  be  accurately  adjusted  to  zero 
by  turning  the  nut  N.' 

The  final  adjustment  of  the  sensibility  of  a  permanent 
magnet  instrument  can  be  conveniently  made  by  slightly 
altering  the  strength  of  the  field  in  the  neighbourhood  of 
the  coil.  This  can  be  easily  done  by  diverting  more  or 
less  of  the  lines  of  force  through  a  piece  of  iron,  the 
number  so  diverted  being  varied  by  altering  the  distance 
between  one  of  its  ends  and  one  pole  of  the  magnet,  with 
an  adjusting  screw,  the  other  end  of  the  iron  being  per- 
manently in  contact  with  the  other  pole  of  the  magnet. 

39.  Moving  Coil  Ammeter  with  Magnetic  Control.— 
It  is  important  to  observe  the  difference  in  the  change  of 
sensibility  produced  by  a  weakening  of  the  horse-shoe 
magnet  in  the  ammeters  illustrated  in  Figs.  67,  page  130, 
and  75,  page  145.  When  the  magnet  is  used  to  control 
the  deflection  of  a  soft-iron  needle  deflected  by  the  cur- 
rent passing  round  a  stationary  coil  the  weakening  of 
the  magnet  increases  the  sensibility  of  the  instrument, 
whereas  when  the  magnet  deflects  a  coil  carrying  a 
current  against  the  action  of  a  weight  or  a  spring  the 
weakening  of  the  magnet  diminishes  the  sensibility. 

By  balancing  one  of  these  defects  against  the  other 
in  the  following  way,  the  author  has  constructed  a  type 
of  permanent  magnet  ammeter  the  indications  of  which 
are  practically  unchanged  for  considerable  alterations  in 
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the  strength  of  the  magnet : — the  deflecting  torque  is 
produced  by  a  stationary  magnet  acting  on  a  moving 
coil  conveying  the  current  to  be  measured,  but,  although 
phosphor-bronze  strips  are  used  to  convey  the  current 
into  and  out  of  the  coil,  as  in  Fig.  76,  they  are  made 
as  thin  as  possible  so  as  to  exert  but  a  very  slight 
control.  The  main  part  of  the  control  is  produced  by 
the  attraction  of  the  stationary  magnet  on  some  tiny 
hard  steel  magnets,  which  are  inserted  at  various 
places  inside  the  coil.  Weakening  the  large  stationary 
magnet  therefore  diminishes  both  the  deflecting  and 
the  controlling  torques  in  nearly  the  same  proportion, 
and  so  leaves  the  sensibility  of  the  instrument  practically 
unchanged. 
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40.  Difference  of  Potentials. — When  a  current  of 
electricity  is  flowing  through  a  wire,  it  has  the  same 
strength  at  all  cross-sections  of  the  wire.  If,  for  example, 
the  wire  be  cut  anywhere,  and  a  galvanometer  be  put 
in  circuit,  the  galvanometer  will  always  show  the  same 
deflection  while  the  same  current  is  flowing  ;  or  if  several 
galvanometers,  or  ammeters,  be  placed  at  different  parts 
of  the  same  circuit,  each  instrument  will  be  found  to 
indicate  the  same  current.  In  the  same  way,  in  the 
case  of  a  water-pipe,  the  quantity  of  water  passing  every 
cross-section  of  the  pipe  per  second  is  exactly  the  same 
as  soon  as  the  flow  of  water  becomes  steady.  Just  at 
the  commencement,  when,  for  example,  some  water  has 
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entered  at  one  end  of  the  pipe,  and  none  has  flowed  out 
at  the  other — when  the  pipe  is  filling  in  fact — the  flow 
at  different  cross-sections  may  be  different ;  so  also,  in 
many  cases,  just  at  the  moment  after  completing  an 
electric  circuit,  the  current  will  differ  at  different  cross- 
sections.  But  as  soon  as  the  flow  in  each  case  becomes 
a  steady  one  this  difference  disappears,  and  the  strength 
of  the  water  current — that  is,  the  number  of  gallons  of 
water  passing  per  minute  (not,  of  course,  the  velocity  of 
the  particles  of  water) — is  the  same  at  all  parts  of  the 
pipe,  even  if  the  pipe  be  broad  at  some  points  and 
narrow  at  others.  In  the  same  way  the  strength  of 
the  electric  current  flowing  through  a  single  circuit  is 
"  uniform  "  *  at  all  parts  of  the  circuit,  independently  of 
the  thickness  of  the  conductor,  and  of  the  material  of 
which  it  is  made. 

But  although  the  stream  of  water  is  the  same  at  all 
parts  of  the  pipe,  the  pressure  per  square  inch  of  the 
water  is  by  no  means  the  same,  even  if  the  pipe  be  quite 
horizontal  and  of  uniform  cross-section.  This  pressure 
per  square  inch  of  the  water  on  the  pipe,  which  is  the 
same  as  the  pressure  per  square  inch  of  one  portion  of 
the  water  on  another  portion  adjacent  to  it,  becomes  less 
and  less  as  we  proceed  in  the  direction  of  the  flow.  It 
is,  in  fact,  this  difference  of  pressure,  or  "  loss  of  head"  as 
it  is  sometimes  called,  that  causes  the  flow  to  take  place 
against  the  friction  of  the  pipe,  the  difference  of  pressure 
at  any  two  points,  in  the  case  of  a  steady  flow  through  a 
horizontal  pipe  of  uniform  sectional  area,  being  balanced 
by  the  frictional  resistance  of  that  length  of  pipe  for 
that  particular  rate  of  flow. 

Quite  analogous  with  this  there  is,  in  the  case  of  an 
electric  current  flowing  through  a  conductor,  a  "  difference 

*  Uniform  refers  to  space,  constant  to  time.  The  height  of  the 
houses  in  a  street  is  generally  not  uniform,  but  it  is  constant  so  long 
as  there  is  no  change  made  in  the  height  of  the  houses.  If  water  be 
run  out  of  a  cistern  the  level  at  all  parts  of  the  surface  of  the  water  is 
uniform,  but  it  is  not  constant,  since  it  steadily  falls  as  the  water 
runs  out. 
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of  potentials"  between  any  two  points  in  the  con- 
ductor, and  this  difference  of  potentials,  or  '•'•potential 
difference"  or  " P.D."  as  it  may  be  shortly  called,  is 
needed  to  overcome  the  resistance  of  the  conductor,  or 
opposition  that  it  offers  to  the  passage  of  an  electric 
current  through  it.  In  fact  the  analogy  between  differ- 
ence of  potentials  and  difference  of  fluid  pressure  is  so 


Fig.  77.— Apparatus  for  Testing  the  Distribution  of  Water  Pressure. 

marked  that  the   name   "pressure"  is  now  frequently 
used  to  stand  for  difference  of  potentials.    + 

The  pressure  per  square  inch  of  the  water  at  any 
point  of  a  tube  conveying  a  stream  can  be  ascertained  by 
attaching  a  vertical  stand-pipe  to  the  tube,  and  observing 
to  what  height  the  water  is  forced  up  in  this  stand-pipe, 
and  if  at  a  number  of  points,  P1?  P2,  Ps,  P4,  P5,  PO  (Fig. 
77),  in  a  glass  tube,  1 1,  conveying  a  stream  of  water,  a 
series  of  vertical  glass  stand-pipes,  sx  S2  .  .  .  S6,  be  tixed, 
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the  height  to  which  the  water  is  forced  up  in  them  will 
show  the  distribution  of  pressure  along  the  tube.  If  the 
tube  it  be  straight  and  of  uniform  cross-section,  and  if 
the  flow  be  a  steady  one,  the  tops  of  the  water-columns  in 
the  stand-pipes  will  be  found  to  all  lie  in  one  straight  line, 
Q!  Q2  •  •  •  Q6,  therefore,  if  the  length  PI  P2  of  the  uniform 
tube  be  equal  to  the  length  P4  P5,  the  difference  between 
P1  QI}  the  height  of  water  in  the  stand-pipe  sl3  and  P2  Q2, 
the  height  of  water  in  the  stand-pipe  S2,  is  exactly  equal 
to  the  difference  between  P^Q^  and  P5Q3.  Also,  if  the 
length  PX  P4  be  three  times  the  length  P4  P5,  the  difference 
between  P:  ql  and  P4  Q4  is  equal  to  three  times  the  differ- 
ence between  P4  Q4  and  P5  Q5.  Or,  in  other  words,  when 
there  is  a  steady  flow  of  liquid  through  a  uniform  tube, 
the  difference  of  pressure  between  any  two  points  is 
proportional  to  the  distance  between  these  points.  And 
this  is  true  whatever  the  inclination  of  the  tube  tt  to 
the  horizontal,  provided  that  the  tube  is  straight  and  of 
uniform  cross-section  everywhere. 

If  the  tap  T!  and  the  screw  pinch-cock  sl  be  fully 
open,  and  the  screw  pinch-cock  s2  be  fairly  open,  the 
stream  of  water  through  the  tube  t  t  will  be  rapid,  and 
the  slope  of  pressure — that  is,  the  line  Q1  Q2  .  .  .  Q6  join- 
ing the  tops  of  the  columns  of  water  in  the  stand-pipes 
— will  be  steep.  If  now  the  pinch-cock  s2  be  screwed  up 
a  little  so  as  to  impede  the  passage  of  the  water,  the 
flow  will  be  decreased,  and  the  slope  of  pressure  E^  R, 
.  .  .  Rg  will  be  less  inclined  to  the  horizontal  than 

QI  Q2  •  •  •  Q6- 

As  the  pinch-cock  s2  is  more  and  more  screwed  up 
the  pressure  line  will  become  more  and  more  horizontal 
until,  when  the  flow  is  entirely  checked,  the  line  HJ  H2 
.  .  .  Hg  joining  the  tops  of  the  columns  of  water  in  the 
stand-pipes  becomes  quite  horizontal  and  at  the  same 
level  as  the  water  in  the  cistern  cr 

It  will  be  noted  that  if  there  be  any  flow,  the  level 
of  the  water  in  the  first  stand-pipe  sx  is  less  than  that  in 
the  cistern  itself,  which  is  seen  through  a  little  glass 
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window  at  the  right  of  the  cistern  c^  This  is  on  account 
of  the  resistance  offered  to  the  flow  by  the  tap  TX  and  by 
the  indiarubber  tube  TX  t.  Similarly,  if  the  pinch-cock  s± 
be  screwed  up  so  as  to  check  the  flow  between  P3  and  P4, 
there  will  be  a  sudden  drop  in  pressure  between  P3  and 
P4,  so  that  the  tops  of  the  water  columns  in  the  stand- 
pipes  will  now  be  in  two  different  straight  lines,  Uj  U2  U3 
and  U4  U5  U6,  parallel  to  one  another,  but  the  latter 
U4  U5  U6,  much  lower  than  the  former. 

As  the  pinch-cock  s1  is  screwed  up  more  and  more 
the  lines  U1  U2  U3  and  U4  U5  U6  will  become  more  and 
more  horizontal,  but  at  a  greater  distance  from  one 
another,  until,  when  s1  is  entirely  closed,  the  former 
line  will  coincide  with  HT  H2  H3,  while  the  latter  will 
sink  down  to  the  level  of  the  tube  P4  P5  P6  itself. 

In  a  very  similar  way  the  "  electric  potential "  at 
different  points  of  a  wire  conveying  a  current  can  be 
measured  by  apparatus  which  we  shall  presently  de- 
scribe, and  if  a  number  of  measurements  be  made  of  the 
potential  at  different  points  of  a  circuit  conveying  a 
current,  it  will  be  found  that  the  results  are  smaller  and 
smaller  as  we  proceed  in  one  direction ;  and,  further,  if 
the  conductor  be  all  of  uniform  gauge,  and  made  of  the 
same  material,  and  the  electric  current  be  a  steady  one, 
it  will  be  found  that  the  P.D.  between  any  two  points  is 
proportional  to  the  length  of  the  conductor  between 
these  points  (see  §  42,  page  167). 

Electricity  is  put  in  motion,  and  a  current  of  elec- 
tricity is  produced,  as  a  consequence  of  the  potential 
varying  from  place  to  place,  just  as  a  current  is  pro- 
duced in  water  when  subjected  to  pressures  which  are 
not  uniform.  In  order  to  produce  and  maintain  a 
current  of  either  water,  or  electricity,  work  of  some  kind 
has  to  be  done.  Thus  in  Fig.  77  the  current  of  water  in 
the  tube  1 1  will  gradually  diminish  as  the  water  passes 
from  the  upper  to  the  lower  reservoir,  and  will  cease 
entirely  as  soon  as  the  reservoir  Cj  is  empty.  In  order 
to  maintain  the  current  it  is  necessary  to  provide  some 
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means  of  keeping  up  the  level  of  water  in  the  upper 
reservoir,  and  the  simplest  method  of  doing  so  is  by 
means  of  a  pump  working  at  such  a  rate  that  water  is 
raised  from  the  lower  vessel  C3  to  the  upper  one  CT  just 
as  fast  as  it  flows  from  Cj  to  C2  through  the  tube  t  t. 
Exactly  analogous  with  this  pump  in  the  water  circuit 
is  the  "voltaic  cell"  or  "dynamo  machine"  or  other 
"  current  generator"  in  the  electric  circuit.  A  current 
generator  does  not  create  electricity  any  more  than  a 
fire  engine  creates  water,  it  merely  sets  it  in  motion, 
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Fig.  78. — Alternative  Arrangement  of  the  Cistern  for  the  Apparatus  in  Fig.  77. 

and  in  either  case  work  has  to  be  done  in  keeping 
up  the  flow  (see  Chapter  V.  on  Electric  Energy  and 
Power). 

In  the  case  of  the  water  flow  we  may  commence  by 
filling  the  reservoir  Cj^  and  maintain  the  level  by  allowing 
water  to  flow  from  the  cistern  of  the  building  into  the 
reservoir  CT  as  fast  as  it  flows  out.  Or,  to  save  trouble, 
we  may  let  the  water  run  into  the  reservoir  rather  faster 
than  it  flows  out  through  the  tube  1 1,  and  allow  the 
surplus  to  flow  out  through  an  overflow  pipe  o  (Fig.  78). 
With  the  latter  arrangement  the  level  of  the  water  in  the 
reservoir  Cj  will  remain  automatically  constant  whatever 
be  the  flow  through  the  tube  tt,  provided,  of  course, 
that  the  tap  T2  be  opened  enough  to  cause  the  flow  from 
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the  hcmse  cistern  into  the  reservoir  to  be  never  less  than 
the  flow  out  through  the  tube  t  t. 

We  shall  see  later  on  (§154,  page  510)  that  an 
analogous  arrangement  not  only  can  be  employed  but 
is  very  frequently  employed  in  electricity  when  it  is 
desired  to  maintain  the  P.D.  between  two  points  of  a 
conductor,  constant,  in  spite  of  its  resistance  and,  there- 
fore, of  the  current  flowing  through  it  being  varied. 

If  the  substance  flowing  were  a  gas,  the  distribution 
of  pressure  could  not  be  measured  by  stand-pipes,  since  if 
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Fig.  Y9— .Apparatus  for  Testing  the  Distribution  of  Gas  Pressure  relatively  to 
the  Atmospheric  Pressure. 


the  pipes  were  open  at  the  top,  the  gas  would  flow  out ; 
or  the  outside  air  would  flow  in,  and,  if  the  pipes  were 
closed  they  would  all  be  filled  with  the  gas  itself,  or  with 
a  mixture  of  gas  and  air. 

The  distribution  of  pressure  along  a  pipe,  pp  (Fig. 
79),  conveying  a  stream  of  gas  might  be  measured 
relatively  to  the  outside  atmospheric  pressure  by  means 
of  "manometers"  M15  M2,  M3  attached  at  the  points 
Pj,  P2,  P3  of  the  pipe,  the  difference  of  level  of  the  liquid 
on  the  two  parts  of  the  tube  of  each  manometer  measur- 
ing the  excess  of  the  pressure  of  the  gas  at  that  part  of 
the  pipe  over  the  atmospheric  pressure.  Or,  if  we  desired 
that  our  measurements  should  be  independent  of  the 
atmospheric  pressure  and  merely  indicate  the  pressure  at 
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various  parts  of  the  pipe  relatively  to  the  pressure  at 
one  point  P4,  then  the  manometers  might  be  arranged  as 


Pi 


Fig.  80.— Apparatus  for  Testing  the  Distribution  of  Gas  Pressure  relatively  to 
the  Pressure  at  one  Point  of  the  Pipe. 


in  Fig.  80,  in  which  case  the  difference  of  level  of  the 
liquid  in  the  curved  tube  of  any  one  manometer  M2 
would  show  how  much  the  pressure  of  the  gas  at  the 
point  p?  of  the  pipe  pp  exceeded  the  pressure  at  the 


Fig.  81.— Simpler  Apparatus  for  Testing  the  Distribution  of  Gas  Pressure 
relatively  to  the  Pressure  at  One  Point  of  the  Pipe. 


point  pj.      Perhaps  the  most  convenient  way  would   be 
to  construct  the  apparatus  as  seen  in  Fig.  81,  since  then 
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the  pressure  of  the  gas  at  any  point  P2  relatively  to  the 
pressure  at  P4  would  be  at  once  seen  from  the  distance 
the  top  of  the  column  of  liquid  in  the  tube  M2  (Fig.  81) 
was  below  the  horizontal  line  H  H  ;  and  the  difference  of 
pressure  of  the  gas  at  any  two  points  P2  and  P3  would  be 
therefore  measured  by  the  difference  in  the  depths  below 
the  horizontal  line  H  H  of  the  tops  of  the  liquid  columns 
in  the  manometers  M3  and  M3. 

If  the  pressure  of  the  atmosphere  surrounding  the 
apparatus  in  Fig.  79  were  changed,  then,  although  the 
flow  of  gas  along  the  pipe  pp  might  remain  exactly  the 
same,  as  well  as  the  pressures  at  its  two  ends,  the  differ- 
ence of  level  of  the  liquid  in  each  of  the  manometers  in 
this  figure  would  change.  But  the  level  of  the  liquid  in 
the  manometers  in  Fig.  81  is  wholly  independent  of  the 
outside  atmospheric  pressure,  and  depends  solely  on  the 
length,  cross- section,  shape,  and  internal  character  of  the 
pipe  pp,  on  the  rate  of  flow  and  on  the  nature  of  the 
fluid  flowing  through  the  pipe.  These  manometers  tell 
us  nothing  about  the  absolute  pressure  of  the  gas  at  the 
different  points  of  the  pipe  through  which  it  is  flowing,, 
but  only  the  pressures  relatively  to  the  pressure  at  the 
point  P4. 

41.  Potential  of  the  Earth  Arbitrarily  called 
Nought ;  Positive  and  Negative  Potentials. — So  in 
the  same  way  the  electric  potential  of  a  point  in 
a  wire  through  which  a  current  is  flowing  is  usually 
measured  relatively  to  that  of  some  other  point  of  the 
wire.  And  even  when  one  point  of  the  wire  is  connected 
with  the  earth  and  the  potentials  of  different  points  of 
the  wire  are  measured  above  or  below  the  potential  of  the 
earth,  which  is  arbitrarily  called  nought,  it  is  still  but  a 
relative  measurement,  for  in  thus  taking  the  potential  of 
the  earth  as  the  potential  level  to  measure  from,  no 
assumption  is  made  as  to  the  earth  having  no  charge  of 
electricity  on  ifc ;  indeed,  so  far  from  that  being  the  case, 
experiment  shows  that  the  electrical  effects  produced  in 
the  neighbourhood  of  the  earth  would  be  caused  were 
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the  earth  electrified  "negatively"  or  "  resinously"  that  is, 
electrified  in  the  same  way  as  is  a  piece  of  ebonite  after 
being  rubbed  with  a  piece  of  dry  flannel,  and  oppositely 
electrified  to  a  piece  of  dry  smooth  glass  which  has  been 
rubbed  with  a  piece  of  dry  silk,  the  electrification  of  the 
glass  being  called  " positive  "  or  "vitreous"  (see  page  216). 

So  that  measuring  electrical  potentials  relatively  to 
that  of  the  earth  is  like  measuring  heights  above  the 
Trinity  water-mark,  or  measuring  longitude  east  or  west 
of  Greenwich,  the  place  which  is  arbitrarily  said  to  have 
zero  longitude. 

A  similar  convention  is  followed  in  the  measurement 
of  temperature,  for  in  the  centigrade  scale  the  tempera- 
ture of  melting  ice  is  called  0°,  while  in  the  Fahrenheit 
scale  the  zero  is  a  temperature  much  below  this,  and  one 
which  is  roughly  that  of  a  mixture  of  ice  and  salt.  Now, 
although  Fahrenheit  is  said  to  have  called  this  tempera- 
ture zero  because  he  had  an  idea  that  it  was  the 
lowest  temperature  that  could  be  produced  artificially, 
no  such  assumption  is  at  present  made  in  calling  this 
particular  temperature  0°F. 

In  addition  to  a  P.D.  being  said  to  exist  between 
two  points  in  a  conductor  through  which  a  current  is 
flowing,  any  two  conductors  are  said  to  differ  in  potential 
when  there  is  a  tendency  for  electricity  to  pass  from  one 
of  them  to  the  other.  This  tendency  may  manifest  itself 
in  four  ways  : — 

(1)  By  the  production  of  a  current  (lasting,  it  may 
be,  for  only  the  fraction  of   a  second)   when  the  two 
conductors   are    touched    together,    or    when    they    are 
electrically   connected    by  means    of   a   wire,   or   other 
conductor ; 

(2)  By  a  "  brush  discharge  "  or  an  "  electric  spark  " 
passing   between   the    conductors   when   they  are   near 
together,  and  when  the  P.D.  between  them  is  high; 

(3)  By  small  light  bodies,  such  as  grains  of  dust, 
pieces  of  paper,  pith,  &c.,  being  attracted  backwards  and 
forwards  between  the  conductors 
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(4)  By  the  conductors  trying  to  approach  one  another, 
as  if  there  were  an  attraction  between  them. 

When  different  pieces  of  electrical  apparatus  are 
enclosed  in  a  metallic  box  (a  not  infrequent  arrange- 
ment as  will  be  seen  later  on)  the  potential  of  the  box 
itself  is  usually  called  nought,  and  the  potentials  of  the 
different  bodies  inside  it  are  measured  relatively  to  that 
of  the  box  by  the  methods  subsequently  described. 
This  box  in  such  a  case  is  sometimes  called,  in  electrical 
language,  the  "  earth,"  but  it  must  not,  therefore,  be 
inferred  that  there  is  any  metallic  connection  between 
the  box  and  the  ground  ;  the  box  and  all  the  apparatus 
inside  it  might,  indeed,  be  up  in  a  balloon,  and  still  the 
joining  of  some  part  of  the  internal  apparatus  to  the 
metallic  box  by  a  wire  might  be  called  "  earthing  "  that 
piece  of  apparatus  (see  §  66,  page  220). 

A  conductor  is  said  to  have  a  "positive  potential " 
when  on  earthing  the  conductor  a  current  flows  from  the 
conductor  to  the  earth,  and  a  "  negative  potential "  when 
the  current  flows  in  the  opposite  direction.  Also  when 
two  conductors,  A  and  B,  are  in  such  a  condition  that,  if 
joined  with  a  conductor,  a  current  would  flow  from  A  to 
B  then,  irrespectively  of  the  actual  signs  of  the  potentials 
of  A  and  B,  as  denned  in  the  last  sentence,  the  potential 
of  A  is  said  to  be  "higher"  than  that  of  B  (see  §7, 
page  31,  for  the  definition  of  the  direction  of  a  current). 
Further,  if  two  bodies,  whether  conductors  or  not,  differ 
in  potential  a  positively  electrified  body,  placed  in  their 
neighbourhood,  tends  to  move  away  from  the  body  having 
the  higher  potential  towards  the  other  body  having  the 
lower  potential. 

42.  Electrometer.  —  The  potential  difference,  or 
P.D.  between  one  conductor  and  another,  is  measured 
by  an  "  electrometer"  Electrometers,  like  galvanometers, 
are  of  two  kinds,  those  in  which  the  measurement  is 
made  by  noting  how  much  a  needle  is  deflected  against 
the  action  of  a  controlling  force,  and  those  in  which  we 
observe  by  how  much  the  controlling  force  must  be 
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increased  to  resist  the  motion  of  the  needle  and  keep  it 
in  a  fixed  position.  This  latter,  or  "zero  type  "  of  electro- 
meter, has  an  advantage  over  the  former  in  that  it 
supplies  a  simple  definition  of  the  measurement  of  dif- 
ference of  potentials ;  that  is,  it  enables  us  to  easily  specify 
what  we  mean  by  one  P.D.  being  two  or  three  times 
another  P.D. 

For,  just  as  the  magnitude  of  any  one  of  the  pro- 
perties of  a  conductor  carrying  a  current  might  be 
arbitrarily  chosen  as  the  direct  measure  of  the  strength 
of  the  current,  so  any  one  of  the  effects  exhibited  by 
two  bodies  differing  in  potential  might  be  selected  to 
measure  the  P.D.  be- 
tween them.  But  the 
particular  effect  which 
furnishes  the  simplest 
definition  of  the  relative 
magnitude  of  various  Fig.  8-2. 

P.Ds.   is  the  attraction 

between  two  conductors  kept  in  a  fixed  position  relatively 
to  one  another  thus :  let  two  conductors  N,  I  (Fig.  82), 
he  maintained  at  a  certain  P.D.  relatively  to  one  another, 
then  N  will  be  attracted  so  as  to  enter  I.  If  now  a  force 
be  applied  to  resist  this  attraction,  and  to  keep  N  in  a 
fixed  position,  relatively  to  I,  this  force  may  be  arbitrarily 
defined  as  being  directly  proportional  to  the  square  of 
the  P.D.  between  N  and  I,  that  is  to  say,  the  P.D.  may 
be  defined  as  being  directly  proportional  to  the  square  root 
of  the  force  of  attraction  between  N  and  I  when  in  a  fixed 
position  relatively  to  one  another. 

This  definition  leads  to  exactly  the  same  result  as  the 
definition  given  of  a  P.D.  in  mathematical  treatises  on 
electricity,  but  it  is  much  simpler  to  grasp  and  lends 
itself  more  directly  to  the  understanding  of  the  principles 
underlying  the  action  of  electrometers.  It  is  only,  how- 
ever, during  the  last  few  years,  thanks  mainly  to  the 
energy  and  ingenuity  of  Mr.  Mather,  one  of  the  staff  in 
the  Physical  Department  of  the  City  Guilds  Central 
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Technical  College,  that  it  has  become  possible  to  use  the 
definition  given  above  in  the  construction  of  zero  electro- 
meters suitable  for  measuring  P.Ds.  110  larger  than 


Fig.  83.— Ayrton  and  Mather's  Zero  Electrometer,  or  Zero  Electrostatic  Volt- 
meter, one-third  of  the  full  size. 

those   commonly    employed   in   laboratories  for  sending 
currents  through  wires. 

In  the  actual  instrument,  devised  by  Mr.  Mather  and 
the  author,  the  moving  part  N,  or  the  needle*  as  it  is 

*  A  magnetised  sewing-needle  having  been  originally  used  for  the 
suspended  magnet  in  a  galvanometer,  the  name  needle  came  gradually 
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called,  takes  the  form  of  two  thin  narrow  pieces  of  alu- 
minium a,  a  (Fig.  83),  joined  together  at  the  top  and 
bottom  by  cross  pieces,  6,  b,  and  supported  by  means  of  a 
thin  strip  of  phosphor  bronze  from  a  head  H,  carrying  an 
index  c,  which  can  be  turned  round  over  a  graduated 
dial.  The  conductors,  I,  I,  or  the  "  inductors  "  as  they  are 
called,  into  which  the  two  parts  a,  a  of  the  needle  are 
attracted,  are  shaped  as  shown, 
and,  by  means  of  a  pointer  p, 
carried  from  the  bottom  of  the 
needle,  the  position  of  the  needle 
can  be  observed.  As  usual,  par- 
allax is  avoided  by  observing  the 
reflection  of  this  pointer  p  in  a 
piece  of  looking-glass  g  fixed  to 
the  base  of  the  instrument. 

Any  P.D.  set  up  between  the 
needle  and  the  inductors  is  then 
measured  by  turning  the  head  H 
until  the  pointer  p  (carried  by 
the  needle)  is  brought  into  the 
same  position  it  occupied  when 
the  needle  and  the  inductors  had 
the  same  potential ;  the  angle 
through  which  the  index  c  has 

been  turned  is  noted,  and  its  square  root  taken.  For 
this  is  the  angle  through  which  the  strip  carrying  the 
needle  has  been  twisted  and,  therefore,  this  angle 
measures  the  moment  of  the  force,  or  the  torque,  that 
has  been  exerted  on  the  needle. 

The  terminals  TJ,  TO,  are  connected  respectively  with 
the  needle  and  the  inductors,  and  equality  of  potential 


Fig.  880.— Details  of  Needle 
and  Inductors,  rather 
larger  than  full  size. 


to  designate  the  little  magnet  in  a  galvanometer,  whether  it  was  long 
and  pointed  like  a  sewing-needle,  or  short  and  bkint.  And  now  the 
expression  needle  is  employed  for  the  suspended  movable  part  of  an 
electrical  measuring  instrument  even  when  the  shape  of  the  moving 
system  in  no  way  resembles  that  of  a  sewing-needle,  as  in  the  electro- 
meter shown  in  Fig.  83. 
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of  these  two  bodies  can  be  secured  by  connecting  these 
terminals  together  with  a  piece  of  wire,  thick  or  thin. 
For  if  there  be  any  difference  of  potential,  a  momentary 
current  will  flow  through  this  wire  which  will  anni- 
hilate the  P.D. 

Fur+V^r,  if  the  terminals  be  joined  respectively  by 
wires  wt>Ji  any  two  conductors  A  and  B,  momentary  cur- 
ren'tfe  "foiedjL  flow,  and  the  potentials  of  the  needle  and 
inductors  will  become  respectively  the  same  as  those  of  A 
and  B.  In  fact,  we  may  say  generally,  that  if  any  number 
of  conductors  be  touched  together,  or  be  joined  by  wires, 
and  if  no  current  be  'flowing  between  any  of  the  bodies, 
the  conductors  and  wires  are  all  at  the  same  potential. 
To  be  strictly  correct,  this  general  proposition  requires 
that  all  the  conductors  should  be  made  of  the  same 
material,  and  be  at  the  same  temperature. 

This  last  proposition  can  be  stated  briefly  and  com- 
pletely thus  : — the  potential  of  all  parts  of  a  conducting 
system  composed  of  the  same  material  at  the  same  tem- 
perature and  on  which  electricity  is  at  rest  is  uniform. 

In  order  to  ensure  that  the  electric  force  exerted  on 
the  needle  shall  be  wholly  due  to  the  P.D.  between  it 
and  the  inductors,  and  that  no  part  of  this  force  shall 
be  caused  by  the  attraction  of  external  bodies,  the 
interior  of  the  glass  shade  is  coated  with  a  conducting 
transparent  varnish  devised  by  Mr.  Mather  and  the 
author,  the  composition,  and  action  of  which  are 
explained  in  §  58,  page  200. 

The  spindle  of  the  needle  in  the  electrometer  (Fig. 
83)  moves  in  guides  top  and  bottom,  the  upper  guide 
being  clearly  seen  in  Fig.  83a,  which  shows  the  top  of 
the  needle  and  of  the  inductors  rather  larger  than  full 
size ;  hence  the  instrument  may  be  turned  upside  down, 
or  carried  about  without  its  being  necessary  to  clamp  the 
needle,  and  without  there  being  any  risk  of  breaking  the 
thin  phosphor-bronze  strip  supporting  it. 

If  now,  in  addition  to  sending  a  steady  stream  of  water 
through  the  tube  tt  (Fig.  77,  page  154),  the  water  in  the 
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tube  be  used  as  a  conductor  and  a  steady  electric  current 
be  sent  through  it,  the  various  P.Ds.  between  the  pairs 
of  points  Px  and  P3,  P2  and  P3,  &c.,  can  easily  be  measured 
with  the  electrometer  just  described  by  simply  dipping 
wires,  attached  respectively  to  the  terminals  of  the 
electrometer,  into  the  water  in  the  various  paim!f)f  stand- 
pipes  st  and  s2,  8$  and  s3,  &c.  For,  since  tr  .  *.  is  no 
electric  current  in  the  water  in  a  stand-pipe  :  t,  uLere 
can  be  no  P.D.  between  the  different  parts  of  the  water 
in  the  same  stand-pipe;  hence  the  water  in  the  stand- 
pipes  can  be  used  simply  as  extensions  of  the  wires 
attached  to  the  terminals  of  the  electrometer.  When 
the  screw  pinch-cock  sl  is  fully  open,  so  that  the  tube  1 1 
is  throughout  of  uniform  bore,  it  will  be  found  that  the 
P.Ds.  between  the  different  pairs  of  points  are  related  to 
one  another  in  exactly  the  same  way  as  are  the  differences 
between  the  water  pressures  for  the  same  pairs  of  points. 

Thus  the  distribution  of  potential  along  a  uniform 
conductor  conveying  a  steady  electric  current  is  exactly 
analogous  with  the  distribution  of  fluid  pressure  along  a 
uniform  tube,  through  which  flows  a  steady  stream  of 
liquid. 

43.  Ohm's  Law. —  But  if  instead  of  measuring 
the  P.D.  between  different  points  along  a  conductor 
through  which  flows  a  steady  current  we  measure  the 
P.D.  between  two  fixed  points  in  a  given  conductor 
through  which  different  currents  are  flowing,  then  the 
P.D.  does  not  vary  with  the  current  in  the  same  way 
that  the  difference  of  pressure  between  two  points  in  a 
given  tube  varies  with  the  stream  of  fluid  flowing 
through  it.  Let  us  consider  the  second  case  first : — Keep 
the  level  of  water  in  the  reservoir  cl  (Fig.  77)  constant  in 
the  way  already  described,  open  the  screw  pinch-cock  &> 
a  certain  amount,  the  screw  pinch-cock  s^  being  fully 
open,  and,  when  the  stream  has  become  steady,  measure 
with  the  graduated  glass  the  number  of  cubic  centimetres 
of  water  that  flow  through  the  tube  1 1  per  second,  also 
the  difference  of  pressure  between  two  fixed  points  in  the 
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tube  P!  and  P6  for  example.  Next  open  the  pinch-cock  s2 
a  little  more,  and  again  measure  the  number  of  cubic 
centimetres  of  water  per  minute  that  flow  out  of  the 
tube,  as  well  as  the  difference  between  the  height  of  the 
water  in  the  stand-pipes  SL  and  S6.  If  such  measurements 
be  made  for  several  different  steady  rates  of  flo\v,  numbers 
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like  the  following  will  be  obtained,  and  when  plotted 
they  give  the  curve  seen  in  Fig.  84,  concave  to  the  axis 
along  which  difference  of  level  is  plotted. 


Difference  of  Level 

in  Centimetres. 

6-9 

12-4 

18-7 

24-0 

29-5 

36-2 

42-1 


Flow  in  Cubic 
Centimetres  per  second. 
1-20 
2-00 
2-78 
3-39 
4-09 
4-76 
5-26 


Ratio  of  Difference 
of  Level  to  Flow. 

5-75 

6-20 

6-73 

7-08 

7-21 

7-60 

8-00 
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If  the  numbers  in  the  third  column  were  all  the 
same  it  would  tell  us  that  the  ratio  of  the  difference  of 
level  to  the  number  of  cubic  centimetres  flowing  per 
second — that  is,  the  ratio  of  pressure  to  current — was  a 
constant  for  a  given  pipe.  In  that  case  the  points  on  the 
curve  in  Fig.  84  would  all  lie  in  one  straight  line,  and 
to  double,  treble,  quadruple  the  current  would  require 
exactly  double,  treble,  quadruple  the  pressure.  But  the 
numbers  in  the  third  column  steadily  increase  as  the 
current  increases,  and  if  we  examine  the  numbers  in  the 
first  two  columns  we  find  that  to  increase,  for  example, 
the  flow  from  1-20  to  4'76  cubic  centimetres  per  second 
— that  is,  to  make  the  current  not  quite  four  times  as 
great — we  have  to  increase  the  difference  of  level  from 
6-9  to  36 '2  centimetres — that  is,  to  increase  the  pressure 
more  than  five  times. 

The  quantity  of  water,  therefore,  that  flows  per  second 
through  a  given  pipe  does  not  increase  as  rapidly  as  the 
difference  of  pressure  between  two  fixed  points  in  it,  or, 
in  other  words,  we  must  more  than  double,  treble  the 
difference  of  pressure  to  produce  twice,  three  times  the 
flow,  even  although  the  tube  through  which  the  water 
flows  remains  absolutely  unchanged.  It  might,  there- 
fore, have  been  expected  that  the  same  sort  of  inequality 
would  be  found  in  the  ratio  connecting  the  P.D.  between 
two  fixed  points  in  a  conductor  and  the  current  flowing 
through  it. 

But  that  is  not  the  case,  for  if  the  conductor  K 
(Fig.  85)  remains  at  the  same  temperature,  and  be 
not  changed  in  any  way,  experiment  shows  that  the 
P.D.  between  two  fixed  points,  K1?  K2  in  it,  measured 
by  the  electrometer  E  (in  the  way  described  in  §  42, 
page  165),  is  directly  proportional  to  the  current 
flowing  through  this  conductor,  the  currents  being 
measured  relatively  to  one  another  by  any  suitable 
galvanometer  G,*  for  which  the  law  connecting  current 

*  For  the  details  of  the  construction  of  the  galvanometer  illustrated 
in  Fig.  85,  see  %  38,  page  148. 

G* 
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and  deflection  has  been  obtained  by  a  relative  calibration 
as  described  in  §  12,  page  46. 

For  carrying  out  these  tests  the  current  can  be  con- 
veniently produced  with  a  battery,  u  B,  of  what  are 
known  as  "  dry  cells  "  (see  §  140,  page  457),  or  of  "  accumu- 
lators" (see  Vol.  II.);  and  its  strength  can  be  varied  by 


Fig.  85.— Apparatus  for  Testing  Ohm's  Law. 


altering  the  number  of  cells  employed.  This  alteration 
in  the  number  of  cells  that  are  used  in  the  different 
tests,  can  be  easily  effected  by  means  of  the  mercury 
switch-board,  s  s,  seen  in  front  of  the  battery  of  cells  in 
Fig.  85.  The  construction,  and  mode  of  using  such  a 
mercury  switch-board,  will  be  found  described  in  §162, 
page  539. 

This  experimental  result,  that  the  ratio  of  the  P.D. 
to  the  current,  if  steady,  is  absolutely  constant  for  a  given 
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conductor  -at  constant  temperature,  is  known  as  "  Ohm's 
Law"  since  it  was  first  published  by  Ohm  in  1827, 
although  not  exactly  in  the  form  here  given.  And  it  is 
important  to  notice  that  all  experiments  that  have  been 
made  to  test  its  accuracy,  even  when  made  with  the  most 
sensitive  instruments  yet  constructed,  have  failed  to 
detect  any  inaccuracy  in  this  law. 

It  is  sometimes  stated  that  Ohm's  laid  is  self-evident, 
but  that  misconception  has  arisen  first  from  the  law 
being  so  extremely  simple,  and  secondly  from  its  wide 
use  in  electrical  calculations  having  led  people  to  gradually 
imagine  that  no  connection  between  P.D.  and  current 
for  a  given  conductor,  other  than  direct  proportionality, 
could  exist. 

So  far,  however,  from  this  being  the  case,  it  is  still 
possible  that  with  very  large  currents,  especially  when 
flowing  through  conductors  of  great  width,  some  slight 
want  of  proportionality  between  P.D.  and  current  may 
be  detected,  even  when  the  current  is  absolutely  steady, 
and  the  conductor  absolutely  at  the  same  temperature, 
and  in  every  other  respect  in  the  same  physical  con- 
dition. At  present,  however,  the  law  must  be  regarded 
as  being  rigorously  true  without  exception. 

44.  Resistance. — Since  the  ratio  of  the  P.D.  to  the 
current  has  a  constant  value  for  each  conductor  this 
ratio  has  been  called  by  a  special  name — the  "  resistance  " 
of  the  conductor,  and  gradually  people  have  grown  to 
think  and  speak  about  the  electric  resistance  of  a  wire  as 
being  a  definite  property  which  belongs  to  the  wire  like 
its  length  and  its  cross-section. 

If,  however,  the  ratio  of  P.D.  to  current  had  been 
no  more  constant  for  a  given  conductor  than  is  the  ratio 
of  pressure  to  flow  for  a  given  tube  carrying  a  liquid 
stream,  it  is  practically  certain  that  this  conception 
would  not  have  come  into  existence.  Therefore  the 
mere  statement  that  a  definite  wire  has  a  definite 
resistance  is  in  itself  an  assertion,  although  not  of  course 
a  proof,  tha.t  Ohm's  law  is  true. 
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The  analogy  between  the  distribution  of  water  pres- 
sure and  of  electric  potential  is  a  very  useful  one  for 
students  to  use,  as  it  enables  them  better  to  grasp  the 
meaning  of  electric  potential ;  but,  like  many  analogies, 
it  must  not  be  carried  too  far;  for  not  merely,  as  we 
have  seen,  is  the  ratio  of  difference  of  pressure  to 
the  quantity  of  a  fluid  flowing  per  second  not  constant 
for  a  given  pipe,  but  any  bend  made  in  a  straight 
pipe,  even  when  the  cross-section  of  the  pipe  is  in 
no  way  decreased,  causes  a  diminution  in  the  flow 
for  the  same  difference  in  pressure  between  its  two 
ends;  whereas  bending  a  wire  through  which  a  steady 
electric  current  is  flowing,  has  no  effect  on  the  electric 
stream.  Even  a  sudden  expansion  in  a  pipe,  that 
is  an  enlargement  of  the  bore,  for  a  short  distance 
checks  the  fluid  stream,  whereas  if  the  cross-section  of 
a  conductor  be  made  larger  for  a  short  portion  of  its 
whole  length,  either  no  change  whatever  is  observed 
in  the  current,  or  the  change,  if  noticeable,  is  always 
an  increase  and  never  a  diminution  in  the  steady 
current  flowing. 

45.  Ohm. — Various  units  of  resistance,  differing 
slightly  from  one  another,  have  been  adopted  from  time 
to  time,  and  called  the  "  ohm"  but  the  value  that  was 
definitely  recommended  to  the  Board  of  Trade  in  1892 
by  the  Committee  appointed  to  advise  them,  was 
defined  thus  :  "  The  resistance  offered  to  an  unvarying 
electric  current  by  a  column  of  mercury  at  the  tempera- 
ture of  melting  ice  144521  grammes  in  mass  of  a  con- 
stant cross-sectional  area,  and  of  the  length  o/"  106*3  centi- 
metres may  be  adopted  as  one  ohm " ;  and  at  the 
Electrical  Congress  held  in  Chicago  in  1893,  this  value 
was  unanimously  accepted  by  the  Chamber  of  Delegates, 
composed  of  members  nominated  by  the  Governments  of 
the  United  States,  Great  Britain,  France,  Italy,  Germany, 
Mexico,  Austria,  Switzerland,  Sweden,  and  British  North 
America, 

Finally,  for  the  purpose  of  distinguishing  this  unit 
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of  resistance  from  any  other,  it  was  decided  to  call  it  by 
the  name  of  the  "  international  ohm." 

A  brief  sketch  of  the  history  of  the  British  system 
of  electrical  units,  now  the  system  of  the  world,  is  given 
in  the  Appendix,  page  508.  It  should  be  read  by  all  those 
who  are  interested  in  seeing  how  the  interdependence  of 
electrical  theory  and  practice,  each  on  the  other,  has  led 
to  the  building-up  of  a  complete  system  of  electrical 
standards,  now  accepted  by  all  nations  as  a  common 
heritage. 

Eventually  the  international  ohm  will  be  so  generally 
used  that  no  other  unit  of  resistance  will  be  met  with, 
and  probably  the  adjective  international  will  then  be 
dropped.  For  some  years,  however,  the  "  B.A.  unit  of 
resistance,"  the  l  legal  ohm"  (so  called  because  it  was 
legalised  in  France),  and  the  "international  ohm"  must 
be  carefully  distinguished  from  one  another.  Their 
relative  values  are  given  in  the  following  table  : — 

TABLE   IV. 

RATIOS    OF   THE    PRACTICAL    UNITS    OF    RESISTANCE. 


international  ohm  =  I  '00235  le^al  ohm. 
international  ohm  =  1-01358  B.A.  unit. 


legal  ohm  =  0'99765  international  ohm. 

legal  ohm  —  I '01120  B.A.  unit. 


B.A.  unit  =  0-98660  international  ohm. 

B.A.  unit  =  0-98892  legal  ohm.      . 


46.  Volt. — Since  the  ratio  of  the  P.D.  maintained 
between  the  terminals  of  a  conductor  to  the  current 
that  flows  in  it  is  constant,  it  follows  that  the  P.D.  that 
must  be  maintained  at  the  terminals  of  a  resistance  of 
one  international  ohm  when  a  current  of  one  ampere 
passes  through  it  must  have  a  perfectly  definite  value. 
This  value  is  taken  as  the  practical  unit  of  P.D.,  and 
called  the  "  international  volt." 
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If,  instead  of  basing  our  unit  of  P.D.  on  the  inter- 
national ohm,  we  base  it  on  the  B.A.  unit  of  resistance 
or  on  the  legal  ohm,  then,  we  obtain  the  "B.A.  volt"  and  the 
"legal  volt."  And  the  equations  connecting  the  values  of 
the  three  volts  are  exactly  the  same  as  those  connecting 
the  three  ohms,  viz.  : — 

TABLE    V. 

RATIOS    OF    THE    PRACTICAL    UNITS    OF    P.D. 

I  international  volt  =  I  '00235  legal  volt. 
I  international  volt  =  I  '01358  B.A.  volt. 


legal  volt  —  0-99765  international  volt, 

legal  volt  ==  I  -01120  B.A.  volt. 


I  B.A.  volt  =  Q'98660  international  volt. 

I  B.A.  volt  =  0-98892  legal  volt. 

There  is,  however,  but  one  ampere,  viz.  that  defined 
in  §  6,  page  23. 

Example  22. — With  a  P.D.  of  100  international  volts 
maintained  between  the  terminals  of  a  glow  lamp  a  current 
of  0'3  passes  through  it,  what  is  the  resistance  of  the  lamp? 

Answer. — 333 -3  international  ohms. 
Example  23. — If  the  P.D.  be  reduced  to  98  inter- 
national volts  and  the  resistance  of  the  filament  remain 
as  before,  what  current  will  pass  through  it  1 

Answer. — 0'294  ampere. 

Example  24. — By  how  much  per  cent,  does  the  inter- 
national volt  exceed  the  B.A.  volt? 

Answer. — 1*36  per  cent. 

Example  25. — A  P.D.  of  7  international  volts  is 
maintained  between  the  terminals  of  a  resistance  of 
2,475  legal  ohms,  what  is  the  current  that  passes  1 

Answer. —  '002835  ampere. 

Example  26. — The  standard  P.D.  employed  by  the 
London  Electric  Supply  Corporation  is  2,400  legal  volts, 
what  is  that  in  international  volts  1 

Answer. — -2,394  international  volts. 
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Example  27. — If  a  wire  has  235  B.A.  units  of  resist- 
ance, what  is  its  resistance  in  international  ohms  1 

Answer. — 231-85  international  ohms. 

Example  28. — If  a  wire  of  uniform  cross-section  has 
a  resistance  of  54  B.A.  units  at  a  certain  temperature, 
by  how  much  per  cent,  must  its  length  be  reduced  so 
that  it  may  have  a  resistance  of  50  international  ohms  at 
the  same  temperature  1 

Answer.^-§{  B.A.  units  equals  54  x  0-9866,  or  53-276, 
international  ohms,  therefore  the  length  must  be  reduced 

3-276 

by  rr-rzr^,  or  by  about  6-15  per  cent.,  in  order  that  the 
5o'27b 

wire  may  have  a  resistance  of  50  international  ohms. 

Example  29. — What  resistances  in  legal  ohms  are 
respectively  equal  to  100,  200,  300,  400,  and  500  inter- 
national ohms  ? 

Answer.— 100-235,  200'47,  300-705,  400-94,  501-175 
legal  ohms. 

47.  Current  Method  of  Comparing  P.Ds. — From 
Ohm's  law  it  follows  that  the  current  flowing  through 
any  conductor  at  constant  temperature  is  directly  pro- 
portional to  the  P.D.  between  its  terminals.  Such  a 
conductor  may  be  a  coil  of  a  galvanometer,  or  it  may 
consist  of  a  galvanometer  G  together  with  a  wire  w  (Fig. 
86)  in  series  with  it.  And  no  matter  how  the  shape  of 


Fig.  86. — Galvanometer  with  Added  Resistance  for  Measuring  Potential 
Differences. 

the  circuit  composed  of  G  and  w  may  be  altered,  provided 
that  the  joint  resistance  of  G  and  w  together  is  not 
changed,  the  current  passing  through  the  galvanometer 
will  be  directly  proportional  to  the  P.D.  which  is  main- 
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tained  between  TT  and  T2,  the  terminals  of  the  arrange- 
ment. If  then  the  galvanometer  has  been  calibrated 
relatively  for  current,  it  is  calibrated  for  the  relative 
measurements  of  any  P.D.  which  may  be  set  up  between 
TX  and  T2  by  connecting  their  terminals  with  any  con- 
ductors between  which  a  P.D.  exists. 

In  place  then  of  employing  the  zero  electrometer 
(Fig.  83)  we  may  use  the  combination  of  galvanometer 
and  auxiliary  resistance  w  to  compare,  for  example,  the 
P.D.  between  the  points  A  and  B  (Fig.  87)  with  the  P.D. 
between  the  points  c  and  D  in  the  conductor  A  B  c  D 
conveying  a  steady  current.  For  the  P.Ds.  in  question 
will  be  simply  proportional  to  the  two  currents  that  flow 
through  the  galvanometer  when  the  terminals  T1?  T2 


Fig.  87. 

(Fig.  86)  are  connected  respectively  first  with  the  points 
A  and  B  and  then  with  the  points  c  and  D. 

Further,  since  the  resistance  of  a  conductor  is  the 
name  given  to  the  ratio  of  the  P.D.  between  its  ends  to 
the  current  that  flows  through  it,  and,  since  the  current 
that  flows  through  A  B  is  necessarily  the  same  as  that 
flowing  through  c  D,  it  follows  that — 

resistance  of  A  B    potential  difference  between  A  and  B 
resistance  of  C  D~  potential  difference  between  C  and  D 

therefore 

resistance  of  A  B  _ 

resistance  of  C  D  ~ 

current  when  T\  and  T3  are  joined  to  A  and  B 
current  when  Ta  and  T2  are  joined  to  C  and  D' 

the  current  in  each  case  being  the  current  through  the 
galvanometric  arrangement  (Fig.  86). 
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Consequently,  if  the  value  of  one  of  the  resistances 
A  B  or  c  D  be  known  in  international  ohms,  the  value  of 
the  other  in  international  ohms  can  be  at  once  found  by 
the  method  of  testing  just  described. 

48.  Reason  for  Using  High  Resistance  Galvano- 
meters for  P.D.  Measurements.— When  using  a  galvano- 
meter for  the  comparison  of  two  P.Ds.,  or  for  the 
comparison  of  two  resistances  by  the  method  described 
in  §  47,  it  is  not  necessary  that  the  galvanometer  should 
be  calibrated  absolutely  in  amperes,  for,  as  we  have  just 
seen,  all  that  is  required  to  be  known  is  the  ratio  of  the 
currents  that  produce  different  deflections,  not  the  actual 
value  of  these  currents  in  amperes.  But  there  is  one 
condition  in  connection  with  the  galvanometric  arrange- 
ment GW  (Fig.  86)  that  it  is  most  important  to  fulfil, 
and  that  is  the  condition  that  the  application  of  the 
terminals  TJ,  T2  to  the  points  A  and  B  or  to  the  points 
c  and  D  does  not  alter  the  distribution  of  potential  that 
previously  existed  in  the  conductor  A  B  c  D.  In  fact,  the 
test  must  not  alter  the  thing  tested,  an  all-important  rule 
to  remember  in  experimenting. 

Whenever  a  galvanometer,  properly  constructed  and 
calibrated,  is  introduced  into  any  circuit  the  galvano- 
meter measures  the  current  flowing  after  the  galvano- 
meter has  been  inserted,  but  this  is  not  necessarily  the 
same  as  the  current  that  flowed  before  the  galvanometer 
was  inserted.  These  two  currents  will  only  be  the  same 
in  value  when  the  resistance  of  the  galvanometer  is 
small  compared  with  that  of  the  rest  of  the  circuit,  and 
when  the  other  conditions  remain  unchanged.  It  will, 
therefore,  be  only  under  these  special  circumstances 
that  the  deflection  of  a  galvanometer  will  measure  the 
current  that  passed  through  the  circuit  before  the  circuit 
was  disturbed  by  the  insertion  of  the  galvanometer 
into  it. 

Similarly,  whatever  be  the  resistance,  small  or  large, 
of  a  galvanometer  or  of  a  galvanometric  arrangement 
GW  (Fig.  86),  provided  that  this  resistance  remains  quite 
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constant,  the  relative  P.Ds.  between  two  pairs  of  points 
A  and  B,  c  and  D,  can  be  accurately  compared  by  means 
of  this  galvanometric  arrangement,  only  it  must  be  care- 
fully remembered  that  the  P.Ds.  that  are  thus  compared 
are  the  values  existing  after  the  joining  of  the  terminals 
TI}  T0  tc-  the  points  A  and  B,  or  to  the  points  c  and  D,  and 
not  the  values  of  these  P.Ds.  before  the  application  of 
the  measuring  instrument.  And  it  will  be  only  when 
the  resistance  of  G  and  w  combined  is  very  large  compared 
with  the  resistance  of  the  conductor  A  B  and  also 
with  the  resistance  of  the  conductor  c  D  that  the  appli- 
cation of  the  galvanometer  will  produce  no  disturbance 
in  the  distribution  of  potential  along  the  conductor 
A  BCD. 

Therefore  for  P.D.  measurement  it  is  desirable  that 
the  galvanometer  G  and  the  auxiliary  conductor  w  should 
together  have  a  high  resistance,  and  that  the  required 
sensibility  of  the  galvanometer  should  be  attained  by 
winding  the  galvanometer  with  a  large  number  of  con- 
volutions of  fine  wire. 

49.  Voltmeter. — A  "voltmeter"  is  an  instrument 
which  enables  the  P.D.  between  its  terminals  to  be  read 
off  directly  in  international  volts.  Whether  the  volt- 
meter be  of  the  electrostatic  type  and  its  action  depend 
on  the  attraction  of  electrified  bodies,  or  whether  it  be 
of  the  galvanometer  form  and  the  P.D.  be  indirectly 
measured  by  the  current  it  produces  through  a  fixed 
resistance,  it  is  obviously  necessary  that  the  sensibility 
of  the  instrument  should  not  be  affected  by  moving  the 
instrument  from  place  to  place.  In  fact,  a  voltmeter 
must  possess  the  constancy  of  an  ammeter,  with  the 
addition  that  its  resistance  must  be  quite  constant,  and 
any  ammeter  of  practically  constant  resistance  when 
graduated  to  indicate  the  P.D.  between  its  terminals 
in  international  volts,  instead  of  the  current  passing 
through  it  in  amperes,  becomes  a  voltmeter. 

The  electrometer  described  and  illustrated  in  §  42, 
page  164,  gives  the  same  reading  for  the  same  P.D. 
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between  its  terminals  if  the  instrument  be  levelled  each 
time  after  being  moved.  Its  relative  calibration  is,  of 
course,  known  since  our  fundamental  definition  of  the  rela- 
tive value  of  P.I)s.  is  based  on  the  use  of  this  electrometer. 
If  then  we  ascertain  the  P.D.  in  international  volts  (say 
Vj)  that  must  be  set  up  between  the  terminals  TI}  T2  of 
the  instrument  so  as  to  bring  the  pointer  p  to  the  zero 
position  when  the  index  c  has  been  turned  through  some 
particular  angle,  say  aa,  the  P.D.  in  international  volts 
"V2  corresponding  with  any  other  angle  a2  through  which 
the  index  c  must  be  turned  to  bring  p  to  zero  is  known 
from  the  equation — • 


o^v,  A/-3 

1     V    «x 


J-  being  a  constant  for  the  particular  instrument. 


\/ «! 

A  P.D.  whose  value  is  known  in  international  volts 
can  be  applied  to  the  terminals  TJ,  T2  of  the  electrometer 

(and  so  the  constant  --L  can  be  experimentally  found) 

V  (lj 

by  connecting  TJ  and  T2  to  the  ends  of  a  conductor,  c 
(Fig.  89,  page  185),  whose  resistance  in  international 
ohms,  o,  has  been  ascertained,  and  through  which  flows 
a  current  of  A  amperes,  as  measured  by  the  ammeter  A. 
For  this  P.D.  is  equal  to  A  x  o  international  volts. 

This  constant  is  about  2 '37  for  the  zero  electrometer 
illustrated  in  Fig.  83,  page  164,  that  is  to  say,  the  index 
c  has  to  be  turned  through  about  360°  to  bring  the 
pointer  p  to  zero  when  a  P.D.  of  45  volts  is  maintained 
between  the  terminals  of  this  instrument. 

The  dial  at  the  top  of  the  electrometer  is  initially 
graduated  into  degrees  or  other  divisions  of  equal  value. 
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But  after  the  constant  of  the  instrument  has  been  ex- 
perimentally determined,  in  the  way  just  described,  this 
degree  scale  may  conveniently  be  replaced  by  one 
graduated  in  square  roots  with  which  the  P.D.  can  be 
read  off  directly  in  international  volts. 

The  electrometer  then  becomes  a  direct-reading 
"  electrostatic  voltmeter"  of  the  zero  type. 

50.  Ammeters  used  as  Voltmeters.— If  an  ammeter 
with  its  scale  graduated  in  volts  instead  of  (or  in  addition 
to)  its  being  graduated  in  amperes  has  a  low  resistance, 
it  will  be  suitable  for  measuring  any  small  P.D.  that 
may  exist  between  two  points  separated  by  a  small 
resistance.  For  example,  it  may  be  used  to  measure 
the  P.D.  between  two  points  close  together  in  a  thick 
copper  electric-light  main  through  which  a  current  is 
flowing,  or  to  measure  the  P.D.  between  the  terminals 
of  a  galvanic  cell  of  very  low  internal  resistance. 
On  the  contrary,  if  the  resistance  of  the  instrument 
alone,  or  the  resistance  of  the  instrument  and  its 
auxiliary  wire,  w,  combined  (Fig.  86)  be  high,  it  may 
be  used  to  test  a  larger  P.D.  between  two  points 
separated  by  a  larger  resistance ;  for  example,  the  P.  D. 
between  the  positive  and  negative  electric-light  main 
in  a  house. 

Beginners  sometimes  feel  mystified  that  the  same  in- 
strument is  sometimes  employed  to  measure  a  current 
and  at  other  times  a  P.D.  ;  that  in  the  former  case,  when 
it  is  called  an  ammeter,  it  may  be  " short-circuited^  with 
impunity^  but  must  not  be  disconnected,  whereas  when 
it  is  called  a  voltmeter  it  may  be  disconnected  but  on  no 
account  may  it  be  short-circuited. 

The  difference  arises  not  from  any  intrinsic  dissimi- 
larity between  an  ammeter  and  a  current  voltmeter,  but 
from  the  different  ways  in  which  the  twp  instruments 
are  employed.  An  ammeter  is  put  into  the  main  circuit 
in  series  with  the  rest  of  the  apparatus,  as  is  the  galvano- 
meter G  in  Fig.  85,  page  170,  and  the  ammeter  A  in 
Fig.  89,  page  185,  whereas  a  voltmeter  is  placed  as  a 
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branch  circuit  in  parallel  with  the  part  of  the  circuit,  the 
P.D.  between  the  terminals  of  which  is  to  be  measured; 
for  example,  the  zero  electrostatic  voltmeter  E  in  Fig.  85, 
and  the  voltmeter  v  in  Fig.  89.  If  the  voltmeter  be  of  the 
current  type,  then  both  it  and  the  ammeter  simply  measure 
a  current  directly,  but  the  current  that  the  instrument 
G  in  Fig.  85  and  A  in  Fig.  89  measures  is  the  current 
flowing  through  the  main  conductor,  K  in  Fig.  85 
and  c  in  Fig.  89  respectively,  whereas  the  current  that 
the  voltmeter  measures  is  the  current  that  the  P.D. 
between  the  terminals  Kp  K3  of  the  main  conductor  K  or 
the  P.D.  between  the  terminals  of  the  main  conductor  c 
will  send  through  a  resistance  which  is  quite  external  to  the 
main  circuit,  viz.  the  resistance  of  the  voltmeter  itself. 

If  the  resistance  of  an  ammeter  be  but  a  small  frac- 
tion of  the  resistance  of  the  rest  of  the  circuit  in  which 
it  is  placed,  the  only  result  of  short-circuiting  the  am- 
meter by  bridging  its  terminals  with  a  short  piece  of 
thick  wire  is  to  electrically  remove  the  instrument  from 
the  circuit,  for  the  current  remains  unchanged  in  strength, 
and  practically  the  whole  of  it  now  passes  through  the 
short  circuit  :  whereas  in  short-circuiting  a  voltmeter  we 
short-circuit  all  that  part  of  the  circuit  with  the  terminals 
of  which  the  voltmeter  is  connected,  and  thus  cause  a 
great,  and  possibly  a  dangerous,  increase  in  the  current  in 
the  remainder  of  the  circuit.  For  example,  the  short- 
circuiting  of  an  ammeter  which  is  used  to  measure  the 
electric-light  current  passing  through  a  house  will  simply 
cut  this  particular  ammeter  out  of  circuit,  whereas 
short-circuiting  the  voltmeter,  which  is  placed  across  the 
house  mains  for  measuring  the  P.D.  supplied  to  the 
house,  would  momentarily  extinguish  all  the  lamps 
in  the  neighbourhood  and  compel  the  electric  current- 
generating- station  to  produce  an  enormous  current. 
Almost  instantaneously  either  the  piece  of  wire  used 
to  make  the  short  circuit  would  itself  be  burnt  up,  or 
one  of  the  "fuses"  the  name  given  to  the  pieces  of 
easily-fusible  metal  placed  in  the  circuit  to  diminish  the 
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damage  caused  by  such  accidents,  would  itself  be  vola- 
tilised by  the  excessive  current. 

On  the  other  hand,  disconnecting  one  or  both  of  the 
voltmeter  wires  from  the  main  circuit  stops,  of  course,  the 
current  through  the  voltmeter  itself,  but  produces  prac- 
tically 110  effect  on  the  main  current,  whereas  disconnect- 
ing the  ammeter  stops  the  main  current  altogether, 
unless  the  ammeter  has  been  short-circuited  before  being 
disconnected. 

51.  Moving  Coil  Voltmeter. — The  moving  coil  am- 
meter, described  in  §  38,  page  144,  lends  itself  extremely 
well  for  use  as  a  portable  voltmeter  in  consequence  of  its 
freedom  from  outside  magnetic  disturbance,  its  quickness 
of  action,  its  capability  of  being  used  in  any  position,  and 
its  great  sensibility,  so  that  the  resistance  of  the  coil  and  of 
the  auxiliary  wire  w  combined  can  be  very  high.    Indeed, 
in  a  Weston  voltmeter,  intended  to  measure  a  maximum 
P.D.  of  about  140  volts,  the  resistance  of  the  moving  coil 
is  about  100   ohms,  and  that  of  the  auxiliary  stationary 
wire  about  16,000  ohms,  which  is  a  resistance  far  higher 
than  that  of  any  other  type  of  voltmeter   of  the   same 
range  and   quickness  of  action.      The  instrument,  how- 
ever, can  only  be  employed  to  measure  small  currents, 
which  is  a   disadvantage   when  it  is  desired   to  use    it 
directly  as  an  ammeter,  but  this  becomes  an   advantage 
when  the  instrument  is  used  as  a  voltmeter,  since  the 
smaller  the  current  taken  by  a  voltmeter,  other  things 
being  equal,  the  better  the  voltmeter. 

52.  Calibrating  a  Deflectional  Voltmeter. — If  the 
law  of  the  instrument  be  unknown  as  well  as  the  P.D. 
in  volts  that  produces  any  particular  deflection,  we  can 
calibrate  the  instrument  throughout  the  scale  in  volts  in 
one  or  other  of  five  distinct  ways.* 

1.  Place  the  voltmeter  v  to  be  calibrated  in  parallel 
with  a  zero  electrostatic  voltmeter  E  and  apply  different 
P.Ds.  between  the  common  terminals  of  the  two 

*  For  methods  in  which  a  Clark's  cell  is  employed  see  §§  153 
and  154,  pages  507  to  513. 


184  PRACTICAL    ELECTRICITY.  [Chap.  III. 

instruments.  Measure  each  P.D.  in  international  volts 
by  means  of  the  electrostatic  voltmeter  and  observe  the 
corresponding  deflection  on  the  deflectional  voltmeter. 

2.  If  the  voltmeter  to  be  calibrated  has  a  very  much 
longer,  or  a  very  much  shorter,  range  than  the  voltmeter 
with  which  it  is  to  be  compared — for  example,  if  the  one 
reads  from  0  to  500  international  volts,  while  the  other 
reads  from  0  to  60  international  volts — then  we  may 
proceed  as  follows  : — 

Place  two  conductors  A  B,  c  D  (Fig.  88)  in  series,  and, 
by  using  the  method  described  in  §  47,  page  177,  deter- 
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Fig.  88. — Comparing  Two  Voltmeters  of  Very  Different  Sensibilities. 

mine  the  resistance  of  the  two  conductors  in  series  A  D 
relatively  to  that  of  one  of  them  A  B.  For  example, 
let  it  be  found  that  the  resistance  of  A  D  is  ten  times 
that  of  A  B.  The  actual  resistance  of  the  conductors 
need  not  be  known,  but  we  must  make  sure  that  the 
resistances  of  the  voltmeters  whose  calibrations  we 
desire  to  compare  are  large  relatively  to  the  resistances 
of  A  D  and  of  A  B. 

Attach  the  terminals  of  the  voltmeter  of  the  shorter 
range  to  the  points  A  and  B  respectively,  and  the  ter- 
minals of  the  other  voltmeter  to  the  points  A  and  D 
respectively.  Send  different  currents  of  suitable,  but 
not  necessarily  of  known,  values  through  the  conductor 
AD.  Observe  the  corresponding  readings  of  the  two 
voltmeters,  and  remember  that  the  P.I),  between  the 
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points  A  and  D  is  always  ten  times  the  corresponding 
P.D.  between  the  points  A  and  B. 

3.  Join  the  voltmeter  v  (Fig.  89)  to  be  calibrated 
to  the  terminals  of  a  conductor  c  whose  resistance  o 
is  known  in  international  ohms.  Send  different  currents 
in  succession  through  this  conductor,  and  measure  the 
currents  with  the  ammeter  A.  Observe  the  deflections 
of  the  voltmeter  which  correspond  with  each  of  the 
currents  AT,  A2,  A3,  &c.,  amperes,  and  note  that  they  are 
produced  by  P.Ds.  of  A1o,  A3o,  A3o,  &c.,  international 
volts. 

If  the  voltmeter  v  be  an  electrostatic  one,  so  that  no 
current  whatever  passes  through  it,  the  deflection  of  the 


Fig.  89.— Calibrating  a  Voltmeter  by  using  an  Ammeter  and  One  Known 
Resistance. 


ammeter  A  will  measure  the  true  current  passing  through 
the  conductor  c.  If,  however,  v  be  a  voltmeter  that 
takes  a  current,  then  it  must  not  be  forgotten  that  the 
current  passing  through  the  ammeter  is  the  sum  of  the 
currents  passing  through  the  conductor  c  and  through 
the  voltmeter.  The  error  introduced  by  assuming  that 
the  ammeter  measures  simply  the  current  passing  through 
c  will  be  the  smaller  the  less  is  the  resistance  of  c 
compared  with  that  of  the  voltmeter.  It  will  be  better, 
therefore,  that  c  should  have  a  comparatively  small 
resistance,  and  that  the  necessary  P.D.  should  be  pro- 
duced between  its  terminals  by  sending  a  strong  current 
through  it. 

If,  however,  there  be  a  risk  that  such  a  current  will 
warm  the  conductor  c  and  so  change  its  resistance, 
then  it  is  better  to  join  up  the  apparatus  as  in  Fig.  90. 
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In  that  case  the  resistance  that  must  be  used  in 
calculating  the  P.  Ds.  set  up  between  the  terminals  of 
the  voltmeter  v  is  o  +  a  international  ohms  where 


FJ.T  90.— Calibrating  a  Voltmeter  by  using  an  Ammeter  an<]  One  Known 
R.esi. stance. 


o,  as  before,  is  the  resistance  of  the  conductor  c,  and 
a  is  the  resistance  of  the  ammeter  A.  So  that  when 
the  currents  are  A1?  A3,  A3,  &c.,  amperes  respectively, 
the  P.Ds.  are  Al  (o  +  a),  A2  (o  +  a),  A3  (o  +  a),  &c., 
international  volts. 

4.  Let  B15  B.,,  B3,  &c.  (Fig.  91),  be  binding  screws 
attached  to  different  points  of  a  conductor  which  may  be 
composed  all  of  one  wire  of  uniform  cross-section,  or  of 
different  pieces  of  wire  of  any  cross-sections  joined  up  to 
one  another  in  series.  Compare  the  resistances  of  the 


Fig.  91.— Calibrating  a  Voltmeter  by  using  Several  Known  Resistances  in  Series, 
with  One  Known  Current  passing  through  them. 


sections  with  one  another  by  the  method  described  in 
§  47,  page  177,  and  compare  the  resistance  of  some  one 
of  the  sections  with  a  standard  international  ohm,  or 
with  some  conductor  whose  resistance  is  known  in 
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international  ohms,  then  the  resistance  of  each  of  the 
sections  B!  B2,  B2  B3,  B3  B4,  &c.,  will  be  known.  Let 
these  resistances  be  respectively  olt  02,  03,  &c.,  inter- 
national ohms. 

Send  a  current  through  the  conductor  El  B2  B3,  and 
keep  the  current  quite  constant  at  some  convenient 
number  of  amperes,  as  measured  by  the  ammeter  A.  Then 
the  P.D.  between  any  pair  of  the  binding  screws  attached 
to  different  points  of  the  conductor  is  known  in  inter- 
national volts ;  for  example,  the  P.D,  between  binding 
screws  B2  and  B5  is  A  (<>2  +  o3  +  o4)  international  volts. 
By  connecting,  therefore,  the  terminals  of  the  voltmeter 
to  be  calibrated  with  each  of  the  pairs  of  binding  screws 
in  succession  a  series  of  deflections  is  obtained,  the  P.D. 
corresponding  with  each  of  which  is  known  in  inter- 
national volts. 

5.  If  the  voltmeter  be  a  galvanometric  one  it  may 
be  calibrated  by  measuring  its  resistance  g*y  ascer- 
taining the  currents  Aj,  A2,  A3,  &c.,  in  fractions  of  an 
ampere  that  produce  the  deflections  d^  c?2,  d3,  &c.  These 
deflections  will  then  correspond  with  a  P.D.  of  A^,  A^, 
A3</,  &c.,  volts  maintained  between  the  terminals  of 
the  voltmeter,  or  with  a  P.D.  of  A±  (g  +  w),  A2  (g  +  w), 
A3  (g  +  w),  &c.,  volts  maintained  between  the  terminals 
TX  and  T2  (Fig.  86)  where  w  is  the  resistance  of  the 
auxiliary  wire  w  placed  in  series  with  the  galvanometer. 

Example  30. — An  ammeter  of  17  ohms'  resistance 
has  been  graduated  to  read  milliamperes  (thousandths  of 
an  ampere)  directly.  What  external  resistance  must  be 
added  to  the  instrument  so  that  the  same  scale  will 
measure  P.Ds.  directly  in  volts  ? 

If  a  resistance  of  1000-17  or  983  ohms  be  added  to 
the  galvanometer,  a  P.D.  of  x  volts,  maintained  between 
the  terminals  of  the  ammeter  and  resistance  combined  will 

*  For  the  sake  of  brevity  the  word  international  will,  through- 
out the  remainder  of  this  book,  be  omitted  before  the  words  volt 
and  ohm,  but  it  is  to  be  understood  that  in  all  cases  where  no 
prefix  is  mentioned  the  word  international  is  understood. 


188  PRACTICAL    ELECTRICITY.  [Chap.  III. 

send  x  milliamperes  through  the  arrangement,  and  will, 
therefore,  produce  a  deflection  of  x  on  the  scale. 

A-nsiuer. — 983  ohms. 

Example  31. — A  voltmeter  having  2475  ohms'  re- 
sistance has  freen  calibrated  to  read  off  volts.  It  is 
desired  that  a  deflection  of  n  divisions  shall  correspond 
with  a  P.D.  of  5  n  volts  instead  of  n  volts.  What  ex- 
ternal resistance  must  be  added  to  the  voltmeter  to 
obtain  the  result  ? 

Answer. — 4  x  2475  or  9900  ohms. 

53.  Voltmeters  used  as  Ammeters. — Any  voltmeter, 
whether  electrostatic  or  of  the  current  type  in  combina- 
tion with  a  constant  resistance,  can  be  used  and  grad- 
uated as  an  ammeter.  For,  consider  the  arrangement  No,  3, 
§  52,  used  for  calibrating  a  voltmeter,  and  illustrated  in 
Fig.  89.  With  every  current  which  is  measured  in 
amperes  with  the  ammeter  A  there  is  a  certain  deflection 
of  the  voltmeter.  If,  then,  these  deflections  be  marked  not 
in  volts  but  with  the  numbers  of  amperes  as  measured 
with  the  ammeter,  the  reading  on  the  scale  of  v  will 
at  any  time  give  the  current  in  amperes  passing  through 
it  and  the  conductor  c  together  when  the  two  are  used 
in  combination  as  shown.  The  graduation  of  the  volt- 
meter scale  in  amperes  will  not,  however,  be  correct  if 
the  voltmeter  be  used  as  a  shunt  to  some  other  conductor 
having  a  different  resistance  from  that  of  c. 

The  device  just  described  enables  a  moving  coil  in- 
strument, such  as  was  described  in  §  51,  through  which 
only  a  small  current  can  be  passed,  to  indirectly  measure 
any  current  no  matter  how  large.  In  such  a  case,  and 
generally  when  the  voltmeter  used  as  an  ammeter  is  to 
be  portable,  the  conductor  c  may  be  placed  inside  the 
case  of  the  voltmeter. 

It  is  to  be  noticed  that  the  combination  of  voltmeter 
and  conductor  c,  of  fixed  resistance,  can  be  graduated  and 
employed,  as  an  ammeter,  whatever  the  relative  resist- 
ances of  the  voltmeter  and  the  conductor  may  be.  One 
important  advantage,  however,  is  gained  by  making  the 
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resistance  of  c  very  high  compared  with  the  voltmeter, 
and  that  is  the  facility  for  altering  the  sensibility  of  the 
arrangement. 

For,  suppose  that  the  conductor  c  of  Fig.  89  takes 
the  form  of  a  short,  wide  strip  (Fig.  92),  having  there- 
fore a  very  low  resistance,  and  that  the  voltmeter  joined 
up  as  a  shunt  to  it  has  a  resistance  of  a  ohms,  large 
compared  with  that  of  the  strip ;  further,  suppose  that 
a  current  of  A  amperes  sent  through  the  arrangement  as 
measured  by  the  ammeter  A  deflects  the  pointer  of  the 
voltmeter  to  the  end  of  its  scale. 

Next,  let  a  resistance  of  a  ohms  be  put  in  series  with 
the  voltmeter  (Fig.  92),  then.it  will  require  twice  the  P.D. 


to  be  maintained  between  the  points  x  and  y  to  produce 
the  same  deflection  on  the  voltmeter  as  before.  There- 
fore it  will  require  twice  the  current  to  flow  through  the 
strip,  and,  since  by  hypothesis  the  resistance  of  the  volt- 
meter is  very  high  compared  with  that  of  the  strip,  the 
current  passing  through  the  voltmeter  is  inappreciable 
compared  with  that,  flowing  through  the  strip.  Therefore 
twice  the  current  flowing  through  the  strip  means  prac- 
tically twice  the  current  in  the  main  circuit  HJ.  In 
other  words,  by  adding  to  the  voltmeter  branch  a  resist- 
ance of  a  ohms  we  have  halved  the  sensibility  of  the  ar- 
rangement which  is  used,  as  an  ammeter,  for  measuring  the 
current  in  the  main  circuit  H  J.  And,  generally,  if  a  re- 
sistance of  na  ohms  be  added  to  the  voltmeter  branch  the 
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current  in  H  J  that  produces  any  particular  deflection  of 
the  voltmeter  will  be  n  +  1  times  the  current  required  to 
produce  the  same  deflection  when  the  voltmeter  ter- 
minals are  joined  direct  to  the  points  x  and  Y. 

Example  32. — A  strip  of  platinoid  of  resistance  0-017 
ohm  is  shunted  with  a  galvanometer  of  305  ohms'  resist- 
ance in  series  with  a  variable  resistance.  The  galvano- 
meter is  of  such  sensibility  that  a  P.D.  of  0'5  volt  causes 
a  deflection  of  2,70  scale  divisions  when  the  resistance  in 
series  with  the  galvanometer  is  1,000  ohms.  Tf  the 
scale  is  a  proportional  one,  what  must  be  the  resistance 
in  series  with  the  galvanometer  in  order  that  when  10 
amperes  pass  through  the  strip  the  deflection  shall  be 
100  scale  divisions? 

When  10  amperes  pass  through  the  strip  the  P.P. 
between  its  terminals  is  10  x  0-017,  or  0'17  volt. 
Therefore  the  current  that  this  P.D.  produces  through 

0-17 
the  galvanometer  is  — — —    -  where  r  is  the  resistance 

in  ohms  to  be  put  in  series  with  the  galvanometer.     But 

0-5 

by  hypothesis  a  current  of  — — ,  or  0-0003833, 

ouo  -j-  1,000 

ampere  produces  a  deflection  of  270  scale  divisions,  and 
therefore,  since  the  scale  is  a  proportional  one,  a  current 

of  ---  x  0-0003833,  or  0-000142,  ampere  will  produce 
a  deflection  of  100  scale  divisions.  Hence 

— -  =  0-000142 
305  +  r 

or  r  =   892  ohms. 

Answer. — 892  ohms. 

Example  33. — Calculate  for  the  strip  and  galvano- 
meter referred  to  in  the  previous  question  the  resistances 
that  must  be  placed  in  series  with  the  galvanometer  in 
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order  that  20,  30,  and  50  amperes  through  the  strip  may 
produce  100  divisions'  deflection. 


Answer. 


Amperes  through  Strip. 

Resistance  in  Series  with  Galvanometer 
to  give  100  Divisions'  Deflection. 

10 
20 
30 
50 

892  ohms. 
2,089      „ 
3,286      „ 
5,680      „ 

54.  Gold-Leaf  Electroscope. — If  we  desire  to  mea- 
sure the  P.D.  between  two  insulated  bodies  which  have 
been  electrified  by  touching  them,  for  example,  one  with 
a  rubbed  piece  of  ebonite,  and  the  other  with  a  rubbed 
piece  of  glass,  it  would  be  impossible  to  employ  any  form 
of  current  voltmeter.  For  no  matter  how  fine  or  how 
long  were  the  wire  used  in  winding  the  galvanometer,  or 
how  large  was  the  resistance  of  the  added  wire  w  (Fig.  86), 
the  flow  of  electricity  which  enabled  the  P.D.  to  be  indi- 
cated would  at  once  destroy  the  very  P.D.  we  desired  to 
measure.  An  electrostatic  voltmeter  must,  therefore, 
be  employed  in  such  a  case,  but  as  there  is  no  difficulty 
in  producing  a  P.D.  of  many  hundreds  of  volts  by  means 
of  rubbed  ebonite  or  rubbed  glass,  the  voltmeter  .may, 
for  many  purposes,  be  of  a  much  rougher  kind  than  the 
one  already  described. 

When  it  is  only  required  to  know  whether  one 
potential  is  higher,  or  lower,  than  another,  or  whether 
the  potential  of  a  body  is  plus  or  minus,  that  is  to  say, 
whether  a  positive  current  would  flow  from  the  body  to 
the  ground,  or  from  the  ground  to  the  body,  if  they 
were  connected  together  by  a  wire,  such  a  qualitative 
test  can  be  conveniently  made  with  a  "  gold-leaf  electro- 
scope.'1 

This    instrument,    as    formerly    constructed,     had    a 
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variety  of  faults,  but  the  illustrated  description  that  was 
given,  in  the  earlier  editions  of  this  book,  of.  the  proper 
way  to  construct  a  gold-leaf  electroscope,  has  induced 
some  manufacturers,  at  any  rate,  to  cease  reproducing  in- 
struments possessing  the  glaring  defects  of  the  older 
types.  In  the  present  edition  of  the  book  it  will  be, 


. — Ayrton  and  Perry's  Gold-Leaf  Electroscope. 


therefore,  sufficient  to  describe  the  way  in  which  a  gold- 
leaf  electroscope  may  be  satisfactorily  constructed. 

A  glass  shade  G  G  (Fig.  93)  rests  on  a  wooden  base, 
and  is  covered  inside  with  the  conducting  varnish  de- 
vised by  Mr.  Mather  and  the  author  (see  §  58,  page  199),  or 
with  strips  of  tin-foil  T,  placed  only  just  so  far  apart  as 
is  necessary  to  enable  the  gold  leaves  to  be  easily  seen. 
These  strips  of  tin-foil  are  bent  round  the  bottom  of  the 
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glass  shade,  and  connected  electrically  with  a  brass  ring, 
which  encircles  the  outside  of  the  bottom  of  the  glass 
shade.  To  this  ring  three  horizontal  brass  lugs  are  at- 
tached for  enabling  the  shade  to  be  screwed  to  the  wooden 
base,  and  to  one  of  them  is  fixed  a  binding  screw,  s,for  hold- 
ing any  wire  which  we  wish  to  electrically  connect  with  the 
tin-foil  coating.  Inside  the  glass  shade  G  G,  thin  rods  of 
good  insulating  glass  g,  g  are  cemented  into  two  short 
brass  tubes,  or  collars,  fixed  to  the  base,  and  the  glass 
rods  are  joined  together  at  the  top  by  being  cemented 
into  a  little  metallic  tube  1 1,  carrying  the  thick  wire 
w  w,  and  the  gold  leaves  L.  This  wire  w  passes  through 
the  top  of  the  instrument  ivithout  touching  it,  and  may 
carry  at  its  top  a  little  knob  or  a  little  binding-screw, 
v  is  a  glass  vessel  containing  lumps  of  pumice-stone 
soaked  in  strong  sulphuric  acid,  which  absorbs  any 
water  vapour  in  the  interior  of  the  electrometer,  and 
thus  keeps  the  glass  rods  g,  g  dry. 

When  the  instrument  is  not  in  use  the  little  metal  plug 
or  stopper  p  (which  is  made  to  slide  a  little  stiffly  on  the 
wire  w  by  the  hole  in  the  stopper  being  lined  with  cork) 
should  always  be  pushed  down,  and  the  hole  at  the  top  of 
the  instrument  thus  closed  to  keep  out  dust  and  damp.  If 
this  precaution  be  carefully  attended  to  on  every  occasion 
that  the  electroscope  is  left  unused  even  for  a  short  time, 
and  the  surface  of  the  glass  rods  g,  g  be  initially  carefully 
cleaned,  the  insulation  of  the  instrument  will  remain  so 
good,  even,  for  a  year  after  the  acid  has  been  put  on  to 
the  pumice-stone,  that  an  electric  charge  given  at  any  time 
to  the  gold  leaves  will  remain  practically  undimiiiished 
by  leakage  during  an  hour  even  on  a  very  damp  day. 

With  a  given  gold-leaf  electroscope  the  divergence  of 
the  gold  leaves  depends  simply  on  the  P.D.  between  the 
gold  leaves  L  and  the  tin-foil  coating  T.  For  •  the  gold 
leaves  constitute  a  flexible  needle  corresponding  with  N  in 
Fig.  83,  page  1 64,  and  the  tin-foil  coating  is  the  stationary 
inductor  (called  I  in  the  same  figure)  to  which  the  gold 
leaves  are  attracted  with  a  force  depending  on  the  P.D. 
II 
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between  them  and  the  tin-foil  coating.  This  attraction 
causes  the  leaves  to  diverge,  and  to  be,  therefore,  lifted ; 
the  angle  of  divergence  for  any  particular  P.D.  being  such 
that  the  attractive  forces  exactly  balance  the  controlling 
forces  introduced  by  the  weight  of  the  leaves  which  are 
slightly  lifted  from  the  vertical  position.  A  gold-leaf  elec- 
troscope is,  therefore,  a  "deflectional  gravity-voltmeter" 

55.  Sensibility  of  Gold-Leaf  Electroscopes.— As 
already  explained,  gold-leaf  electroscopes  are  frequently 
used  merely  as  qualitative  instruments,  but  employing 
method  No.  2,  §  52,  page  184,  a  gold-leaf  electroscope  may 
be  calibrated,  if  desired,  by  comparison  with  the  zero 
electrostatic  voltmeter  (Fig.  83).  The  law  connecting 
the  divergence  of  the  leaves  with  the  P.D.  set  up 
between  them  and  the  case  depends  on  three  things  (1) 
the  length  of  the  leaves,  (2)  the  weight  per  square  inch 
of  the  leaf,  and  (3)  the  size  of  the  case.  If  the  length 
of  the  leaves  and  the  size  of  the  case  be  fixed,  it  follows, 
from  our  original  definition  of  what  is  meant  by  one  P.D. 
being  twice  another,  that  the  P.D.  required  to  produce 
any  particular  divergence  is  simply  proportional  to  the 
square  root  of  the  weight  of  the  leaf  per  square  inch. 

Specimens  of  gold  leaf  from  different  gold-beaters 
appear  to  vary  as  much  as  20  per  cent,  in  the  weight 
per  square  inch,  but  the  lighter  the  leaf  the  lower  will 
be  the  price,  provided  that  it  is  not  much  below  40 
shillings  per  book  of  1,000  leaves,  in  which  case  cheapness 
may  result  from  the  impurity  and  not  from  the  thinness 
of  the  gold.  At  40  shillings  per  thousand  sheets  of  22 
carat  gold,  the  sheets  being  3^  inches  square,  the  weight 
per  square  inch  is  about  0'013  grain.  With  leaves,  each 
2|-  inches  long,  cut  from  this  quality  of  material  and 
suspended  in  a  conducting  case  4J  inches  internal 
diameter,  a  divergence  of  about  56°  is  obtained  for  a  P.D. 
of  1,000  volts,  set  up  between  the  leaves  and  the  case. 
Reducing  the  length  of  the  leaves  to  1^  inch  increases 
the  divergence  for  the  same  P.D.  to  60°  and  in  addition 
it  renders  the  various  divergences  between  the  leaves 
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in  degrees  more  nearly  directly  proportional  to  the  P.D. 
in  volts. 

The  calibration  curve  can  also  be  rendered  much 
more  nearly  a  straight  line  by  increasing  the  diameter 
of  the  case,  but  this  has  the  counterbalancing  effect  of 
diminishing  the  sensibility  for  the  same  leaves,  as  may 
be  seen  from  the  following  table  : — 

LEAVES  EACH  1^  INCH  LONG.      P.D.  OF  1,000  VOLTS  MAIN- 
TAINED BETWEEN  LEAVES  AND  CASE. 


Internal  Diameter  of 
Case  in  Inches. 

Divergence  between  Leaves 
in  Degrees. 

4f 

60° 

G 

54° 

8 

48° 

10 

44-5° 

Plotting  a  curve  to  represent  the  above  four  pairs  of 
values  and  continuing  the  curve  forwards,  it  is  seen  that 
the  divergence  rapidly  approaches  40°,  which  means  that 
however  large  may  be  the  diameter  of  the  conducting 
case  the  divergence  will  be  about  40°  when  a  P.D.  of 
1,000  volts  is  maintained  between  this  case  and  a  pair  of 
leaves  each  1J  inch  long  cut  from  a  40-shilling  book  of 
22  carat  gold  leaf. 

With  the  leaves  each  1J  inch  long  the  case  can  be 
made  as  narrow  as  4|  inches  in  diameter  and  still  nearly 
direct  proportionality  of  P.D.  and  divergence  be  obtained 
up  to  70°  whatever  be  the  weight  of  the  leaves.  This  is 
the  size  of  leaf  and  case,  therefore,  that  may  be  con- 
veniently adopted,  and  the  constant  of  instruments  so 
constructed  will  vary  from  about  6°  per  100  volts  to  6° 
per  225  volts,  as  the  material  used  in  making  the  leaves 
costs  40  shillings  per  1,000  sheets,  or  a  few  pence  when 
the  material  is  "  Dutch  metal." 
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For  measuring  P.Ds.  of  2,000  volts,  or  higher,  such 
as  are  now  maintained  between  the  underground  mains 
with  certain  electric  light  systems,  the  leaves  may  be 
conveniently  made  out  of  lead  foil  instead  of  gold-leaf. 

56.  No  Force  Inside  a  Closed  Conductor  Produced 
by  Exterior  Electrostatic  Action. — This  fact  may  be 

experimentally  illus- 
trated with  the  cage 
composed  of  wire  gauze 
c  c  (Fig.  94)  mounted 
on  an  insulating  stand, 
which  will  be  found 
described  in  detail  at 
the  end  of  §  65,  page 
216.  Inside  the  cage 
are  suspended  one  pair 
of  pith  balls  by  means 
of  silk  fibres  which  are 
fairly  insulating,  and  a 
second  pair  by  pieces 
of  cotton,  which  is  re- 
latively a  conductor. 
Outside  the  cage  are 
suspended  one  or  more 
pairs  of  pith  balls  by 
silk  fibres  or  by  pieces 
of  cotton.  If  now  the 
cage  be  electrified,  the 
pith  balls  outside  the 
cage  will  diverge  as  in 
the  figure,  but  those 
inside  give  no  evidence  whatever  of  any  electric  force  even 
when  the  cage  is  so  highly  electrified  that  sparks  can  be 
drawn  from  it.  If  the  openings  in  the  cage  be  very  large, 
it  may  be  possible  to  produce  some  slight  effect  inside  by 
powerful  outside  electrostatic  action,  but  if  the  meshes  of 
the  wire-gauze  be  very  small,  or,  better  still,  if  the  sides  of 
the  metal  box  be  continuous  throughout,  then  no  matter 


Fig.  94. — Apparatus  for  Proving  that  the 
Electrostatic  Force  inside  a  Closed 
Conductor  is  Nought. 
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how  thin  they  may  be,  or  how  sensitive  may  be  the  appa- 
ratus for  detecting  electric  force  that  is  placed  inside  the 
box,  no  effect  whatever  can  be  produced  on  the  apparatus  by 
external  electrification.  A  continuous  metal  box  then,  even 
if  its  sides  be  made  of  the  thinnest  gold  leaf,  completely 
screens  bodies  inside  it  from  external  electrostatic  action. 

If,  however,  a  current  be  flowing  along  the  surface  of 
a  long  hollow  conductor,  then,  whether  or  not  the  ends 
of  the  hollow  tube  be  closed  metallically  so  as  to  make  it 
into  a  box,  electric  forces  are  exerted  inside  the  tube. 

57.  Potential  due  to  Exterior  Electrostatic  Action 
is  Uniform  at  all  Points  inside  a  Closed  Conductor.— 
This  result  follows  from  the  conclusion  arrived  at  in  the 
last  section,  for,  if  it  be  impossible  by  means  of  external 
electrostatic  action  to  produce  a  force  on  any  measuring 
instrument  placed  inside  a  closed  conductor,  no  volt- 
meter could  give  evidence  of  any  P.D.  inside  the  con- 
ductor produced  by  external  electrostatic  action.  Hence 
the  potential  at  all  points  inside  a  conductor,  subjected  to 
outside  electrostatic  action,  must  be  uniform,  and  have 
the  same  value  that  it  possesses  at  a  point  on  the  surface  of 
the  conductor. 

If  the  conductor  has  a  hole  in  its  surface  —  as 
large,  for  example,  as  the  opening  at  the  top  of  a  coffee- 
pot— the  preceding  will  still  be  true,  except  for  points 
in  the  space  just  inside  the  pot  close  to  the  open- 
ing, where  the  potential  will  differ  somewhat  from 
the  uniform  potential  inside  the  pot.  When,  however, 
the  surface  of  the  conductor  is  as  continuous  as  the 
wires  of  a  meat-cover  made  of  wire  gauze,  or  even  as 
continuous  as  the  wires  of  a  bird-cage,  the  potential  is 
practically  uniform  at  all  points  inside. 

If  then  there  be  a  number  of  electrical  apparatus 
inside  a  metallic  box,  or  inside  a  metallic  room,  some,  or 
all,  of  the  apparatus  being  connected  with  the  box  and 
some,  or  all,  being  insulated  from  it,  the  internal  distribu- 
tion of  potential  will  be  quite  independent  of  the  potential 
of  the  box  relatively  to  the  earth,  and  will  remain  quite 
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unaffected  if  the  potential  of  the  box  be  raised  or  lowered 
by  outside  action.  Altering  the  potential  of  the  box  by 
outside  action  alters  the  potential  of  every  object  inside 
it  by  exactly  the  same  amount,  and,  therefore,  leaves  the 
P.D.  between  any  two  objects  inside  the  box  unchanged. 

The  preceding  only  applies  when  the  electric  forces 
exerted  on  the  box  are  produced  by  electricity  at  rest. 
For  when  a  current  is  made  to  flow  along  a  metal  tube, 
the  potential  varies  from  point  to  point  in  the  space 
inside  the  tube  in  the  same  way  that  it  varies  from  point 
to  point  along  the  metal  of  the  tube  itself  through 
which  the  current  flows. 

58.  Voltmeters  must  be  Enclosed  in  a  Conducting 
Cass. — In  order  that  a  voltmeter  may  correctly  measure 
the  P.D.  between  the  needle  and  the  inductors,  it  is 
necessary  that  no  electric  force  shall  be  exerted  directly 
on  the  moving  system  by  bodies  external  to  the  volt- 
meter. The  needle  and  the  inductors  of  an  electrostatic 
voltmeter  must,  therefore,  be  surrounded  by  a  screen  con- 
structed of  conducting  material.  Such  a  screen  can  be 
constructed  of  strips  of  metal  foil  stuck  fairly  close 
together  inside  the  glass  shade  which  covers  up  the 
instrument  (Fig.  93,  page  192),  and  the  screening  can  be 
improved  by  connecting  the  vertical  strips  together  by 
horizontal  strips  of  metallic  foil,  as  in  Fig.  95.  When 
such  a  coated  glass  shade  is  used  with  a  gold-leaf  electro- 
scope, it  acts  both  as  inductors  and  as  screen. 

A  good  test  of  the  power  of  any  such  coated  glass 
shade  to  act  as  an  electrostatic  screen  consists  in  joining 
the  terminals  of  the  voltmeter  together  by  a  piece  of 
wire,  and  bringing  a  highly  excited  ebonite  rod  close  to 
the  voltmeter,  when,  if  the  screening  is  practically  per- 
fect, no  deflection  of  the  moving  system  will  be  possible. 

Nor  if  the  screen  acts  well  will  a  deflection  of  the 
moving  system  be  able  to  be  produced  by  placing  a 
voltmeter,  whose  terminals  are  connected  together  in  the 
way  just  described,  on  an  insulating  stand,  and  electrify- 
ing the  voltmeter  as  a  whole  so  highly  with  an  "  electrical 
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machine"  that  sparks  can  be  drawn  from  any  part  of 
the  voltmeter  on  approaching  the  finger.  For  the  instru- 
ment measures  the  P.D.  between  its  terminals,  and  this 
P.D.  must  be  zero  when  the  terminals  are  joined  by  a 
wire,  whether  the  instrument  be  electrified  or  not. 

It  will  be  found,  however,  that  when  the  metallic  foil 
is  stuck  on  the  glass 
shade,  as  indicated  in 
Figs.  93  and  95,  so 
that  the  moving 
system  can  be  fairly 
well  seen  at  a  dis- 
tance through  the 
openings  between  the 
strips,  the  screening 
action,  although  con- 
siderable, is  by  no 
means  complete,  and 
that  when  the  area  of 
the  metallic  coating 
becomes  sufficiently 
large  compared  with 
the  area  of  the  glass 
as  to  render  the 
screening  practically 
perfect,  there  is  con- 
siderable difficulty  in 
seeing  the  moving 

system  sufficiently  well  to  enable  small  changes  in  the 
deflection  to  be  observed  at  a  distance. 

Mr.  Mather  and  the  author,  therefore,  experimented 
on  methods  of  coating  the  whole  of  the  interior  of  the 
glass  shade  with  a  transparent  varnish  that  should  be 
sufficiently  conducting  to  act  perfectly  as  an  electrostatic 
screen,  and  yet  hard  enough  that  the  inside  of  the  glass 
could  be  cleaned  when  desired  without  risk  of  the  var- 
nish being  rubbed  off.  And  this,  they  find,  can  be  satis- 
factorily accomplished  in  either  of  the  following  ways  :— 


Fig.  95. -Metallic  Screen  for  a  Gold-leaf 
Electroscope. 
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Method  No.  1. — Dissolve  J  ounce  of  transparent 
gelatine  in  1  ounce  of  glacial  acetic  acid  by  heating 
them  together  in  a  water  bath  at  100°C.  To  this  solu- 
tion add  half  the  volume  of  dilute  sulphuric  acid,  which 
has  been  prepared  by  mixing  1  part  of  strong  acid  with 
8  of  distilled  water  by  volume,  and  apply  the  mixture 
while  still  warm  to  the  glass  shade,  which  should  be 
previously  polished  and  warm.  When  this  film  has 
become  very  nearly  hard  apply  over  it  a  coating  of 
Griffith's  anti-sulphuric  enamel,  the  chief  ingredient  of 
which  is  resin  dissolved  in  fusel  oil. 

Method  No.  2. — Thin  the  gelatine  solution,  pre- 
pared in  the  manner  previously  described,  by  the  addition 
of  acetic  acid  (say,  2  volumes  of  acid  to  1  of  solution), 
and  after  polishing  the  glass,  float  the  thinned  solution 
over  the  glass  cold.  Drive  off  the  excess  of  acetic  acid 
by  warming,  allow  the  glass  to  cool,  and  repeat  the 
floating  process,  say,  twice.  Thin  the  anti-sulphuric 
enamel  by  the  addition  of  ether,  and  float  it  over  the 
gelatine  layer  applied  as  just  described.  Expel  the  ether 
by  heating,  and  apply  a  second  layer  of  this  thinned  anti- 
sulphuric  enamel. 

It  is  advisable  to  varnish  the  inside  of  the  glass 
shades  or  glass  fronts,  not  merely  of  electrostatic  volt- 
meters, in  one  of  the  ways  just  described,  but  of  current 
voltmeters,  ammeters,  or  indeed  of  any  instrument  where 
the  electrification  of  the  glass  produced  by  cleaning  it  on 
a  dry  day  might  cause  a  deflection  of  the  pointer  of  the 
instrument — a  cause  of  error  that  has  been  noticed  with 
electrical  measuring  instruments  placed  in  hot  dry 
engine-rooms  of  electric-light  stations. 

59.  The  Potential  of  a  Conductor.—"  The  poten- 
tial" of  a  conductor  is  an  abbreviation  for  tlie  P.D. 
between  the  conductor  and  the  earth.  To  measure  this 
we  must  connect  one  terminal  of  the  voltmeter,  by  a 
wire  to  the  conductor,  and  the  other  terminal  to  a 
system  of  gas-pipes,  or  better,  to  a  system  of  water-pipes. 
If  the  potential  of  a  body  be  high,  it  can  be  roughly 
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measured  in  a  moist  country  like  England  by  simply 
connecting  the  knob  of  a  gold-leaf  electroscope  to  the 
body  without  connecting  the  screw  s  (Fig.  93)  metallic- 
ally to  the  gas-  or  water-pipes  of  the  building,  since  the 
film  of  moisture  which  condenses  on  the  dusty  wooden 
base  of  the  electroscope  will  make  a  more  or  less  good 
electric  connection  between  the  screw  s  and  the  ground 
unless  special  precautions  be  taken  to  insulate  the  wooden 
base  from  the  ground. 

When,  however,  the  potential  is  smaller,  and  it  is 
necessary  to  use  a  more  sensitive  electrostatic  voltmeter, 
for  example,  that  illustrated  in  Fig.  83,  page  164,  and 
generally  in  all  cases  when  the  measurement  is  made  by 
means  of  a  current  voltmeter,  it  is  absolutely  necessary 
to  make  a  good  electric  connection  between  one  terminal 
of  the  voltmeter  and  the  earth  if  we  desire  the  instru- 
ment to  accurately  measure  the  potential  of  the  other 
terminal  (or  the  potential  of  a  conductor  connected  with 
the  other  terminal)  relatively  to  the  earth. 

If  the  voltmeter  used  to  test  the  potential  of  a  con- 
ductor be  an  electrostatic  one,  or  a  current  voltmeter 
with  a  soft  iron  needle,  the  instrument  will  measure  the 
value  in  volts,  but  it  will  not  indicate  whether  the 
potential  of  the  conductor  is  positive  or  negative  (§  41, 
page  162).  Hence,  if  the  potentials  of  two  conductors,  so 
measured,  be  160  and  70  volts,  the  P.D.  between  the 
conductors  (which  can,  of  course,  be  measured  by  con- 
necting the  terminals  of  a  voltmeter  to  them  respectively) 
may  be  either  90  or  230  volts  depending  on  whether  the 
potentials  of  the  two  conductors  are  of  the  same  or  of 
different  sign. 

60.  The  Potential  of  a  Body  Depends  Partly  on  its 
Position  relatively  to  other  Bodies. — The  body  whose 
potential  is  being  tested  may  be  the  knob  of  a  gold-leaf 
electroscope,  then  its  potential  is  altered  when  an  electri- 
fied body,  such  as  a  piece  of  rubbed  ebonite,  is  brought 
near  the  knob,  as  evidenced  by  the  change  in  the  diverg- 
ence of  the  gold  leaves.  Or  the  body  under  test  may 
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Fig.  96. 


Fig.  97. 


be  a  metal  plate  P,  carried  by  the  wire  w  w  of  the  electro- 
scope (Fig.  96). 
Electrify  this 
plate  by  touching 
it  with,  say,  an 
excited  rod  of 
ebonite,  and  re- 
move the  rod. 
Then  the  diverg- 
ence of  the  leaves, 
which  measures 
the  potential  of 
the  plate,  will  be 
found  to  alter 
either  when  an 
electrified  body 
is  brought  up  to 
the  plate,  or 
even  when  an  un- 
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Fig.  99. 


Fig.  100. 


electrified  body  like  the  hand  is  approached  (Fig.  97).     If 

an  insulated  unelectrified  metal 

plate,  M  (Fig.  98),  be  brought 

up  by  means  of  the  insulating 

handle  H,  there  will  be  a  small 

diminution  in  the  potential  of 

P,  and  this  diminution  will  be 

much  increased  if  the  plate  M 

be  connected  with   the  earth. 

Indeed,    if    M,  still   connected 

with    the    earth,    be    brought 

very  near  to  the  plate  P,  and 

parallel  to  it,  the  potential  of 

P  will   be  reduced   almost   to 

zero,  even  if  the  plates  be  not 

made  to  touch  one  another. 

The  change  which  is  pro- 
duced in  the  potential  of  a 
body  by  altering  its  position  Fig<  101 
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relatively  to  other  bodies  is  analogous  with  the  change 
that  occurs  in  the  pressure  of  gas  in  a  closed  vessel 
when  the  temperature  of  the  vessel  and  the  gas 
it  contains  is  altered,  as  illustrated  by  Figs.  99, 
100,  and  101.  In  Fig.  99  the  pressure  of  the 
gas  in  the  vessel  is  the  same  as  the  outside  atmo- 
spheric pressure,  and  the  liquid  in  the  two  limbs  of 
the  manometer  is  at  the  same  level.  In  Fig.  100 
the  vessel  is  warmed  and  the  internal  gaseous  pressure 
exceeds  that  of  the  external  atmosphere,  corresponding 
with  the  increase  of  the  potential  of  an  insulated 
body  caused  by  bringing  a  positively  charged  body 
up  to  it.  While  in  Fig.  101  the  pressure  is  lowered 
because  the  vessel  is  cooled  by  being  immersed  in 
ice,  corresponding  with  the  diminution  of  the  potential 
of  an  insulated  body  by  bringing  a  negatively  charged 
body  up  to  it. 

61.  The  Potential  of  a  Body  Depends  Partly  on  its 
Size  and  Shape. — Supported  by  the  insulating  handle 
H  (Fig.  102)  is  a  little  spring  roller  blind  which  can  be 
pulled  out  by  means  of  the  silk  thread  T,  the  spring 
inside  the  roller  R  R  causing  the  blind  to  roll  up  again 
when  the  thread  T  is  released.  Each  side  of  the  blind 
has  tin-foil  stuck  on  it  to  make  the  blind  conducting. 
If  now  the  blind  be  electrified  when  shut  up,  and  its 
potential  be  measured,  for  example,  by  connecting  the 
binding  screw  B  at  the  end  of  the  roller  with  the  knob 
w  of  an  electroscope,  it  will  be  found  that  the  potential 
of  the  roller  greatly  diminishes  as  the  blind  is  pulled  out 
by  means  of  the  silk  thread  T.  The  original  value  of 
the  potential  will,  however,  be  regained  on  allowing  the 
blind  to  roll  up,  if  the  glass  rod  and  the  silk  thread 
insulate  well. 

The  change  in  the  potential  of  a  body  produced  by 
altering  its  size  and  shape  is  analogous  with  the  change 
that  occurs  in  the  pressure  of  a  gas  in  a  closed  vessel 
when  the  internal  volume  of  the  gasholder  is  altered 
without  altering  its  temperature.  Figs.  103,  104,  and 
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105  represent  a  glass  tube  T  permanently  closed  at  the 
top  and  connected  at  the  other  end  with  a  flexible  india- 
rubber  tube  I  containing  mercury,  the  level  of  the  top 
of  which  is  seen  in  the  open  glass  tube  t.  In  Fig.  103 
the  internal  pressure  of  the  gas  is  the  same  as  the 


Fig.  102. — Apparatus  for  Proving  that  the  Potential  of  a  Body  depends  on  its 
Size  and  Shape. 


external  atmospheric  pressure,  and  the  confined  gas  has 
a  certain  volume  V.  In  Fig.  104  this  volume  has  been 
diminished  by  raising  the  indiarubber  tube  and  increasing 
the  pressure  on  the  confined  gas,  this  pressure  now  ex- 
ceeding the  atmospheric  pressure  by  an  amount  depending 
on  the  height  that  the  mercury  in  the  open  glass  tube  t 
is  above  the  level  in  the  closed  tube  T.  In  Fig.  105 
the  volume  of  the  confined  gas  is  larger  than  V  by  the 
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Fig.  103. 


Fig.  104. 


Fig.  105. 


pressure  on  it  having  been  made  less  than  the  atmospheric' 
pressure  by  the  lowering  of  the  open  glass  tube  t. 

62.  The  Potential  of  a  Body  Depends  Partly  on  a 
Third  Condition :  the  Quantity  of  Electricity. — When 
the  pressure  of  the  gas  in  a  vessel  has  been  changed  by 
varying  the  temperature  of  the  gas,  or  by  altering  the 
internal  volume  of  the  vessel,  the  old  values  of  the 
pressure  can  be  regained  by  bringing  the  gas  back  to  its 
original  temperature  and  volume.  Similarly  when  the 
potential  of  a  body  has  been  changed  by  altering  the 
position  of  the  body  relatively  to  other  bodies,  or  by 
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varying  the  shape  and  size  of  the  body  itself,  the  old 
value  of  the  P.D.  can  be  regained  by  replacing  the 
bodies  in  their  original  positions  relatively  to  one 
another,  or  by  restoring  the  body  to  its  original  shape 
and  size. 

But  there  is  a  third  way   in  which  the  pressure   of 
the  gas  in  a  vessel  can  be  varied  without  altering  either 


Fig.  106. — Apparatus  for  Illustrating  the  Analogy  between  the  Pressures  of  the 
Gas  in  Two  Vessels  and  the  Electric  Potentials  of  Two  Conductors. 

the  temperature  of  the  gas  or  the  volume  of  the  vessel, 
and  that  is  by  putting  a  greater  or  a  less  weight  of  gas 
into  the  vessel.  For  example,  the  gas  in  the  vessel  v: 
(Fig.  106)  has  a  greater  pressure  than  the  atmosphere, 
while  that  in  the  vessel  v^  has  the  same  pressure  as  the 
atmosphere.  If  now  we  open  the  tap  T  in  the  pipe 
connecting  the  two  vessels,  there  will  be  a  rush  of  gas 
from  the  vessel  VT  into  the  vessel  v2,  the  pressure  in 
the  former  will  fall,  while  that  in  the  latter  will  rise. 
And  we  cannot,  of  course,  bring  things  back  again  to 
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their  original  condition  by  simply  closing  the  tap  T, 
since  some  of  the  gas  went  out  of  the  vessel  vx  when 
the  tap  was  opened. 

In  the  same  sort  of  way  if  there  be  two  insulated 
conductors,  one  A  having  a  potential  +  Va  volts,  and  the 
other  B  a  potential  nought,  and  if  an  electric  connection 
be  made  between  them  by  means  of  a  wire,  the  potential 
of  A  will  fall  to  some  value  +  Y2  volts,  less  than  V1}  while 
the  potential  of  B  will  rise  to  the  same  value  +  V2.  And 
matters  cannot  be  brought  back  again  to  their  original 
condition  by  simply  taking  away  the  wire,  since  (using 
the  figurative  language  which  is  derived  from  experi- 
ments with  fluids,  such  as  the  one  just  referred  to  with 
the  two  vessels  containing  gas)  a  "  quantity  of  electricity  " 
has  flowed  through  the  wire  from  the  conductor  A  to 
the  conductor  B,  so  that  the  "  electric  charge  "  on  A  has 
become  smaller,  and  that  on  B  larger  than  before. 

Again,  on  opening  the  stop-cock  at  the  top  of  either 
of  the  vessels  v:  or  v3  (Fig.  IOC),  air  can  be  blown  into, 
or  sucked  out  of,  either  of  these  vessels  through  the  tube 
provided  with  a  mouthpiece  which  is  attached  to  each 
vessel,  and  the  pressure  of  the  gas  in  the  vessel  can  be 
made  to  exceed,  or  to  be  less  than,  that  of  the  atmo- 
sphere. So,  experiment  shows  that  a  clean  dry  rod  of 
ebonite  can  either  be  so  highly  electrified  by  a  prolonged 
rubbing  with  a  piece  of  clean  dry  flannel  that  the  mere 
presence  of  the  ebonite  at  the  distance  of  a  foot  or  two 
from  the  knob  of  a  gold-leaf  electroscope  raises  its 
potential  to  over  1000  volts  ;  or,  on  the  contrary,  if  the 
rod  be  only  just  touched  at  one  spot  with  the  flannel, 
or  if  no  precaution  be  taken  on  a  damp  day  to  dry  both 
the  flannel  and  the  rod,  the  rod  after  being  rubbed  may 
be  held  close  to  the  knob  of  the  electroscope  or  be 
actually  made  to  touch  it  without  the  leaves  being  raised 
to  a  sufficiently  high  potential  to  more  than  just  visibly 
diverge. 

Hence  just  as  the  pressure  of  the  compressed  gas 
in  a  gas-bottle  may  vary  from  many  pounds  per  square 
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inch,  when  the  bottle  has  just  been  filled,  to  a  fraction  of 
a  pound  per  square  inch,  when  nearly  all  the  gas  has 
been  used  up,  the  potential  of  the  same  rod  of  ebonite 
may  have  very  different  values ;  and  the  analogy  leads  us 
to  say  that  the  potential  of  the  ebonite  is  changed  by 
more  or  less  electricity  being  given  to  it,  or  by  a  change 
being  produced  in  its  electric  charge. 

It  must,  however,  be  carefully  remembered  that 
while  we  can  conceive  of  the  gas  apart  from  the  iron 
bottle  containing  it,  just  as  we  can  think  of  the  water 
filling  a  pint  pot  apart  from  the  pot  itself,  we  have  no 
experience  of  the  existence  of  electricity  apart  from  the 
body  that  is  said  to  be  electrified.  In  fact,  while  we 
know  the  effects  that  can  be  produced  by  a  so-called 
electrified  body  we  have  no  certain  knowledge  of  the 
physical  change,  if  any,  that  is  produced  in  a  body  by 
electrifying  it. 

It  would,  therefore,  be  more  correct  to  speak  of  the 
"  amount  of  a  body's  electrification  "  than  of  the  quantity 
of  electricity  in,  or  on,  the  body  ;  but,  just  as  it  is  con- 
venient to  talk  of  an  electric  current  as  if  it  had  an 
independent  existence,  apart  from  the  wire  through 
which  it  is  said  to  be  flowing,  so  it  is  convenient  to 
speak  of  an  electric  charge  or  a  quantity  of  electricity  as  if 
electricity  had  an  independent  existence. 

We  see  then  that  just  as  the  pressure  of  a  gas  (say 
oxygen)  in  a  gasometer  can  be  varied  by — 

1.  Altering  the  mass  of  the  oxygen  in  the  gasometer. 

'2.  Altering  the  size  of  the  gasometer  without  altering  the 
mass  of  oxygen  in  it. 

3.  Altering  the  temperature, 
so  the  potential  of  a  body  can  be  varied  by — 

1.  Altering  the  quantity  of  electricity  in  it. 

2.  Altering  the  size,  or  shape,  of  the  body  without  alter- 

ing the  quantity  of  electricity  in  it. 

3.  Altering  its  position  relatively  to  other  bodies. 

63.  No  Electricity  at  Rest  Inside  a  Conductor. — 
This  experiment  can  be  easily  tried  by  lowering  any 
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insulated  charged  ball,  by  means  of  the  silk  thread  or 
glass  rod  which  supports  it,  into  a  somewhat  deep  pot 
like  a  coffee  pot  and  touching  the  pot  inside  near 
the  bottom,  then  whether  the  pot  be  insulated  or  not, 

previously 
charged  or 
not,  the  ball 
will  come 
away  entirely 
discharged,  so 
that  if  its 
potential  be 
measured 
after  it  has 
been  removed 
some  distance 
away  from 
the  pot  it 
will  be  found 
in  all  cases 
to  be  zero. 

And  the 
same  conclu- 
sion is  found 
to  be  prac- 
tically true 
if  the  ball 
be  touched 
against  the 
bottom  of  the 
inside  of  a 

comparatively  shallow  metal  teapot  even  when  the  lid 
is  open,  or  against  the  inside  of  a  box  made  of  wire 
gauze  even  with  fairly  wide  meshes. 

If,  however,  the  part  of  a  charged  insulated  pot 
against  which  the  insulated  ball  is  touched,  although  in- 
side, be  very  near  the  mouth  of  the  pot,  or  be  outside  the 
pot,  then  the  ball  will  not,  come  away  discharged. 


Fig.  107. — Apparatus  for  Proving  that  there  is  no  Elec- 
tricity at  Rest  inside  a  Conductor. 
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Further,  even  if  it  be  touched  against  the  bottom  of  the 
inside  of  even  a  deep  narrow  pot,  and  there  be  also  inside 
the  pot  a  body  whose  potential  differs  from  that  of  the  pot, 
the  ball  will  not  come  away  discharged.  For  example,  if 
the  pot  A  be  insulated  and  charged  either  positively  or 
negatively,  and  a  metal  rod  R  (Fig.  107)  be  held  in  the 
hand  with  its  end  projecting  some  way  into  the  pot,  but 
not  in  contact  with  it,  an  insulated  ball  c,  touched 
against  any  part  of  the  inside  of  the  pot  will  come  away 
with  an  electric  charge  of  the  same  sign  as  that  initially 
given  to  the  pot.  In  such  a  case,  what  is  commonly 
called  the  inner  side  of  the  pot  becomes  electrically  part 
of  the  outside  as  regards  the  rod ;  so  that  the  middle 
of  the  upper  side  of  a  horizontal  metal  plate  supported 
on  a  glass  rod  (Fig.  96,  page  202)  and  far  removed  from 
other  bodies,  is  electrically  more  the  inner  side  of  the 
plate  than  is  the  interior  of  the  bottom  of  the  pot  (Fig. 
107)  with  a  very  narrow  mouth,  but  into  which  a  metal 
rod  R  has  been  inserted. 

If,  however,  we  use  the  expression  inside  to  refer  to 
those  parts  of  a  conductor,  whether  011  its  surface  or 
inside  the  material,  which  cannot,  so  to  say,  be  seen  by 
other  bodies  in  the  neighbourhood,  we  may  conclude 
that  electricity  at  rest  does  not  reside  inside  a  conductor. 
As  far,  then,  as  the  electrostatic  action  of  an  electrified 
conductor  on  bodies  outside  it  is  concerned,  it  is  quite 
immaterial  whether  the  conductor  be  made  of  solid  or 
hollow  metal,  or  whether  it  be  constructed  of  wood  or 
of  plaster,  and  be  simply  coated  outside  with  tin  foil  or 
gold  leaf. 

64.  Comparing  Quantities  of  Electricity. — The 
next  point  to  consider  is  what  shall  be  meant  by  one 
quantity  of  electricity  being  twice  another,  three  times 
another,  &c.  Analogy  with  a  quantity  of  gas  suggests 
that  we  should  define  the  quantity  of  electricity  on  a 
conductor  as  being  proportional  to  the  potential  of  that 
conductor  when  it  is  fixed  in  size,  shape,  and  in  position 
relatively  to  other  bodies.  It  is  easy  to  fulfil  the  condition 
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that  the  conductor  shall  be  fixed  in  size  and  shape, 
but  if  the  conductor  were,  say,  a  ball,  supported  on  a 
glass  rod  in  the  middle  of  a  room  it  would  be  most 
difficult  to  satisfy  the  condition  that  the  position  of  the 
conductor  should  be  fixed  relatively  to  all  others  unless 
it  were  surrounded  by  a  closed  conducting  screen  insu- 
lated from  it  but  definitely  fixed  relatively  to  it. 

Consequently  we  arrive  at  the  following  definition  : — 
When  a  given  conductor  A  is  entirely  surrounded  by 
another  given  conductor  B  (Fig.  108),  the  quantity  of 
electricity  on  A  is  directly  proportional  to  the  P.D.  be 

tween  A  and  B 
as  long  as  the 
position  of  A 
relatively  to  B 
**  absolutely 
fixed. 

The      fixity 
Fig.  108.  of    the   relative 

positions    of    A 

and  B  is  as  important  as  the  fixity  of  the  sizes  of  A  and 
B,  since  the  mere  motion  of  A  inside  B  would  change 
the  P.D.  between  A  and  B,  although  the  charge  on  A 
remained  quite  constant. 

If  the  weights  of  gas  in  two  vessels  of  unknown 
size  and  of  unknown  temperature  have  to  be  compared, 
no  information  can  be  derived  from  a  measurement  of  the 
difference  of  pressure  between  the  gas  in  the  two  vessels, 
nor  from  separate  measurements  of  the  pressure  of  the  gas 
in  each  vessel  relatively  to  that  of  the  atmosphere.  So  in 
the  same  way  if  the  charges  on  two  conductors  c  and  D 
have  to  be  compared,  this  comparison  cannot  be  made  by 
measuring  the  P.D.  between  c  and  D,  nor  by  measuring 
the  potential  of  c  and  D  separately,  whether  c  and  D  arc 
inside  B  (Fig.  108)  or  not. 

To  compare  the  weights  of  the  same  kind  of  gas  in 
different  vessels  at  different  temperatures  by  a  simple 
pressure  test,  we  must  successively  entirely  empty  the 
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gas  in  each  vessel  into  a  third  vessel  whose  size  is  con- 
stant, and  which,  with  the  gas  inside  it,  is  brought  in 
each  case  to  exactly  the  same  temperature  :  then  the 
pressures  of  the  gas  in  this  third  vessel  in  the  two 
cases  will  be  directly  proportional  to  the  required  weights. 
This  method  would,  however,  be  a  very  difficult  one  to 
employ  on  account  of  the  time  it  takes,  with  any  known 
form  of  air  pump,  to  remove  even  the  greater  part  of  the 
gas  from  one  vessel  into  another,  not  to  mention  the 
impossibility  of  completely  performing  the  operation. 
With  electricity,  on  the  contrary,  it  is  quite  easy  to  com- 
pletely discharge  any  conductor  c  into  another  conductor 
A,  if  c  can  be  introduced  into  A  and  made  to  touch  A  on 
the  inside  at  some  distance  from  the  opening,  for,  as 
explained  in  §  63,  C  will  under  these  circumstances  be 
entirely  discharged. 

If  then  we  construct  the  conductor  A  and  its  con- 
ducting screen  B  in  the  form  of  two  deep  pots,  as  shown 
in  Fig.  109,  the  inner  one  being  insulated  from  the  outer 
and  the  outer  one  insulated  or  not  from  the  earth,  the 
electric  charges  in  any  conductors  c,  D,  &c.,  which  can 
be  introduced  into  A,  may  be  compared.  For  all  that  has 
to  be  done  is  to  put  first  one  of  the  bodies  c  into  A,  by 
means  of  the  silk  thread  or  glass  handle  that  supports  c, 
touch  A  at  the  bottom,  and  measure  the  P.  D.  between  A 
and  B  by  means  of  an  electrostatic  voltmeter.  Remove 
c  and  connect  A  and  B  metallically  for  a  moment  to 
bring  them  to  the  same  potential ;  insulate  A,  next 
introduce  another  of  the  bodies  D  into  A,  touch  A  on  the 
inside  and  again  measure  the  P.D.  between  A  and  B. 
Then  the  values  of  the  P.Ds.  thus  obtained  will,  as  pre- 
viously explained,  be  directly  proportional  to  the  charges 
in  c  and  D. 

Except  for  the  purpose  of  obtaining  more  room  inside 
A  there  is  no  necessity  for  removing  c  out  of  A  before 
the  insertion  of  D,  since  the  moment  that  c  has  touched 
the  inside  of  A  it  is  entirely  discharged,  and  produces 
no  further  electrical  action. 
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65.  Quantity  of  Electricity  Produced  by  Rubbing 
Two  Bodies  Together. — When  a  charged  body,  for  ex- 
ample c,  is  introduced  into  an  insulated  conductor  such 
as  A  (Fig.  109),  it  is  noticed  that  after  c  has  been 
lowered  so  far  into  A  that  it  is  well  under  the  sides  of 
A,  when,  in  fact,  c  cannot  be  easily  seen  from  outside  A, 
no  change  in  the  potential  of  A  is  produced  by  further 
lowering  c,  or  by  moving  c  about  inside  A,  or  even  by 
touching  c  against  the  inside  of  A.  In  order  then  to 
measure  the  charge  in  c  it  is  not  necessary  to  discharge 
c  into  A,  and  all  that  need  be  done  is  to  place  c  well 
inside  A  and  observe  the  P.D.  between  A  and  B.  The 
possibility  of  measuring  the  charge  in  c  without  having 
to  discharge  c  is  of  great  importance,  as  it  enables  the 
measurement  to  be  carried  out  as  easily  whether  c  be 
an  insulator  or  a  conductor,,  whereas  if  c  had  to  be 
thoroughly  discharged  into  A  the  measurement  would 
become  impracticable  when  c  were  composed  of  any 
highly  insulating  material. 

Consequently  the  apparatus  seen  in  Fig.  109  may  be 
conveniently  employed  for  testing  the  amounts  of  positive 
and  negative  electricity  that  are  simultaneously  produced 
when  two  bodies  are  rubbed  together.  E  and  F  (Fig.  109), 
are  respectively  discs  of  ebonite  and  wood,  the  latter 
being  covered  with  cat's  fur.  The  ebonite  is  a  good  in- 
sulator, while  the  cat's-fur  and  the  wood  are  but  poor 
insulators  ;  by  mounting,  however,  both  discs  on  long 
thin  insulating  glass  handles  they  may  be  rubbed  together 
without  any  of  the  electricity  produced  by  the  rubbing 
being  lost,  provided  first  that  the  glass  rods  are  clean  and 
quite  dry,  second,  that  they  be  held  at  their  extreme 
ends  and  are  touched  nowhere  else  with  the  hands. 

When  either  of  the  discs,  after  they  have  been  rubbed 
together,  is  held  inside  A  the  gold-leaf  electroscope  indi- 
cates a  P.D.  between  A  and  B,  with  this  difference, 
however,  that  when  it  is  the  ebonite  disc  that  is  inside 
A  the  divergence  of  the  leaves  can  be  increased  by 
holding  near  the  knob  of  the  electroscope,  or  near  the 
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wire  connecting  the  knob  with  A,  a  piece  of  clean  dry 
ebonite,  that  has  been  previously  rubbed  with  flannel, 
whereas  the  divergence  produced  when  the  excited  disc 


Fig.  109.— Apparatus  for  Comparing  Quantities  of  Electricity. 

of  cat's-fur  is  inside  A  is  diminished  on  the  approach  of 
the  ebonite  rod.  The  electrification  of  the  ebonite  and 
cat's-fur  discs  is  therefore  of  opposite  sign.  But  more 
than  that,  experiment  shows  that  if,  after  the  discs  have 
been  rubbed  together,  they  be  both  inserted  into  A,  then, 
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whether  they  are  touching  one  another  or  not,  or 
whether  one  or  both  be  touching  A,  the  P.D.  between 
A  and  B  remains  absolutely  the  same  as  it  was  before 
the  insertion  of  the  discs,  no  matter  how  sensitive  be  the 
electrostatic  voltmeter  used  to  detect  any  change  in  the 
P.D.  Hence  we  conclude  that  the  charges  of  electricity 
given  to  the  ebonite  and  the  cat's-fur  in  the  operation  of 
rubbing  them  together  are  not  only  opposite  in  kind,  but 
are  exactly  equal  in  amount. 

As  the  quantities  of  positive  and  negative  electricity 
that  can  be  produced  by  rubbing  small  pieces  of  cat's-fur 
and  ebonite  together  are  not  large,  it  may  be  necessary 
to  remove  the  outer  conducting  pot  B  (Fig.  109)  before 
making  the  experiment  described  above.  The  removal 
of  this  screen  B  does  not  lead  to  error  in  this  case 
because  we  are  not  measuring  the  quantities  of  electricity 
on  the  cat's-fur  and  on  the  ebonite  separately,  but  merely 
proving  that  the  two  quantities  together  neutralise  each 
other's  effect  on  the  insulated  pot  A. 

Before  trying  the  preceding  experiment  it  is  well 
to  make  sure  that  there  is  no  residual  charge  of  electricity 
left  on  the  ebonite  disc  from  some  previous  rubbing. 
This  can  be  ascertained  by  seeing  whether  the  insertion  of 
the  disc  into  A  sets  up  a  P.D.  between  A  and  B.  If  it  does, 
the  ebonite  disc  should  be  de- electrified  by  being  passed 
backwards  and  forwards  through  the  flame  of  a  spirit-lamp. 

The  insulating  stand  used  in  this,  and  in  the  pre- 
ceding experiments,  consists  of  a  vessel,  made  of  any 
kind  of  glass,  with  a  tubulure,  or  collar,  of  glass  fixed  to 
its  base  in  the  centre.  This  tubulure  is  ground  inside 
like  the  neck  of  a  glass-stoppered  bottle,  and  the  ground 
end  of  a  clean  rod  of  a  highly  insulating  glass  fits  into 
this  tubulure  in  the  same  way  as  a  glass  stopper  fits  into 
a  bottle.  Various  pieces  of  apparatus,  for  example,  the 
wire  cage,  c  c,  in  Fig.  94,  page  196,  the  plate  p  in  Fig.  96, 
page  202,  the  pot  A  in  Figs.  107  and  109,  &c.,  can  be 
mounted  on  the  top  of  this  glass  rod  by  means  of  a  little 
bit  of  metal  tube,  which  is  soldered  to  the  bottom  of  the 
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cage,  plate,  and  pot,  and  which  is  of  such  a  diameter 
that  it  slips  somewhat  tightly  over  the  top  of  the  rod. 

Before  the  rod  is  inserted  a  small  quantity  of  strong 
sulphuric  acid  is  poured  into  the  glass  vessel ;  this,  rest- 
ing on  the  expanded  bottom  of  the  vessel,  exposes  a  large 
surface  for  absorbing  moisture  from  the  air  and  keeps  the 
rod  artificially  dried.  Whenever  this  insulating  stand 
is  not  required  for  use,  even  for  a  short  time,  the  split  india- 
rubber  stopper  i,  seen  resting  on  the  base  of  the  apparatus 
in  Figs.  94,  107  and  109,  should  always  be  inserted  in 
the  neck  of  the  glass  vessel  to  keep  out  dust  and  damp. 

The  advantages  of  this  insulating  stand,  which  was 
devised  by  the  author  for  experiments  on  bodies  at  high 
potentials,  are : — 

1.  The  rod  can  be  easily  taken  out  and  cleaned.     To 
clean  such  a  rod    hold  it  by  the  end,  and  wash  it  by 
means  of  a  clean  brush  with  soda  and  warm  water  to 
remove  the  dirt ;  then  rub  it  with  another  brush  while 
a  stream  of  warm  ordinary  water  flows  over  it,  to  remove 
the  soda  ;  and  lastly,  let  a  stream  of  distilled  water  flow 
over  it  to  remove  the  trace  of  salt  which  is  dissolved  in 
ordinary  water.    The  rod  should  be  dried  before  a  fire  ;  or, 
better,  by  being  hung  up  under  a  glass  shade,  or  in  some 
confined  space  free  from  dust,  in  which  there  is  a  vessel 
containing  a  little  strong  sulphuric  acid.     On  no  account 
dry  the  glass  rod  by  rubbing  it  ivith  a  cloth,  nor  touch  it 
with  the  fingers  except  at  the  extreme  end. 

2.  The  rod  may  be  made  of  dense  flint  glass  which 
insulates  well,  while  the  vessel  may  be  made  of  any  kind 
of  glass   that   can  be   easily,    and,    therefore,    cheaply 
blown,  without  reference  to  its  insulating  qualities. 

3.  As  the  rod  is  easily  taken  out,  the  sulphuric  acid 
can  be  put  into  the  vessel  without  splashing  the  rod  ;  or 
the  old  acid,  after   it   has   become  weak  by  absorbing 
water-vapour,  may  be  emptied  out,  and  fresh  acid  put  in 
without    fear   of   dirtying    the  rod.     This  it  would  be 
difficult  to  do,  even  with  another  opening  in  the  vessel, 
if  the  rod  were  immovable. 
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66.  Conduction  and  Induction. — A  conductor  can 
be  electrified  either  by  the  transfer  of  electricity  between 
it  and  another  conductor,  or  merely  by  an  alteration  in 
the  distribution  of  its  electric  charge,  without  any  transfer 
of  electricity  between  this  conductor  and  any  other  body. 
In  the  former  case  the  body  is  said  to  be  electrified  "  by 
conduction"  or  "  conductively"  in  the  latter  "  by  induc- 
tion" or  "inductively."  Loading  or  unloading  a  ship 
would  be  analogous  with  electric  conduction,  while  shift- 
ing some  of  the  cargo  from  one  part  of  the  ship  to  the 
other  would  be  analogous  with  induction. 

When  a  body  c  charged  with  a  quantity  of  electricity 
-f  Q  (measured  in  terms  of  a  unit  which  will  be  described 
in  Vol.  II.)  is  introduced  into  a  conductor  A,  there  is 
induced  on  the  inner  side  of  A,  as  was  first  shown  by 
Faraday,  a  charge  of  electricity  equal  to  -Q,  that  is, 
exactly  equal  in  amount  to  that  on  c,  but  opposite  in 
sign.  If  A  be  insulated  from  the  earth  (Fig.  109),  there 
is  also  induced  on  the  outer  surface  of  A  a  charge  equal 
to  +Q.  If,  further,  A  be  entirely  surrounded  with  a 
conductor  B,  there  is  induced  on  the  inner  surface  of  B 
a  charge  of  -Q. 

The  P.D.  between  c  and  A  depends  on  the  charge  on 
c,  the  sizes  of  c  and  A,  and  on  their  positions  relatively 
to  one  another.  The  P.D.  between  A  and  B  depends  on 
the  charge  on  the  outer  surface  of  A,  the  sizes  of  A  and  B, 
and  on  their  positions  relatively  to  one  another.  As 
long  as  c  remains  inside  A  these  two  P.Ds.  are  quite 
independent  of  one  another,  for  by  moving  c  about 
inside  A  the  P.D.  between  c  and  A  will  be  changed,  but, 
as  we  have  already  seen,  not  that  between  A  and  B.  If 
c  be  connected  with  A  by  means  of  a  wire  or  by  touching 
c  against  A,  the  charge  of  +  Q  on  c  and  of  -Q  on  the 
inner  surface  of  A  will  neutralise  one  another;  the  P.D. 
between  c  and  A  will  be  destroyed,  but  the  charge  of 
-f-  Q  on  the  outer  surface  of  A  and  the  charge  of  — Q  on 
the  inner  surface  of  B  will  exist  as  before,  and,  as 
already  seen  experimentally,  the  P.D.  between  A  and  B 
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will  be  unaffected.  On  the  other  hand,  if  A  and  B  be 
connected  with  a  wire  instead  of  A  and  c,  the  charges 
on  the  outer  side  of  A  and  on  the  inner  side  of  B  will 
neutralise  one  another ;  there  will  no  longer  be  any  P.D. 
between  A  and  B,  but  the  charges  on  c  and  on  the  inner 
surface  of  A  will  retain  their  former  values,  and  so  also 
will  the  P.  IX  between  A  and  c. 

A  body  charged  positively,  such  as  a  dry  clean  rod  of 
glass  that  has  been 
rubbed  with  dry 
clean  silk,  gives, 
or  tends  to  give,  a 
positive  potential 
to  everything  in 
the  neighbourhood ; 
that  is  to  say,  if- 
the  excited  glass 
be  brought  near 
any  previously  un- 
charged conductor 
and  that  conductor 
be  earthed,  more  or 
less  positive  elec- 
tricity must  flow 
from  the  conductor 
to  the  earth,  or 
negative  electricity 
from,  the  earth  into 

the  conductor,  in  order  to  bring  it  to  zero  potential.  For 
example,  if  the  rod  be  brought  near  the  insulated  knob 
of  a  gold-leaf  electroscope  the  outside  tinfoil  coating  of 
which  is  uninsulated  (Fig.  110),  the  gold  leaves  will 
diverge,  indicating  that  the  knob  has  a  positive  potential 
relatively  to  the  coating.  As  a  matter  of  fact,  the  knob 
of  the  electroscope  is  charged  negatively,  while  the  gold 
leaves  are  charged  positively,  but  the  potential  of  the 
knob  and  of  the  leaves  relatively  to  the  insulated  coating 
is  positive.  In  the  Figs.  110,  111,  112,  114,  115,  116, 


Fig.  110.— Excited  Glass  Rod  brought  near  an 
Electroscope.  Sign  of  the  Charge  indicated 
by  Continuous  Lines  ;  Sign  of  the  Potential 
by  Dotted  Lines. 
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117,  and  118  the  sign  of  the  charge  is  indicated  with 
continuous  lines,  while  that  of  the  potential  is  shown  by 
dotted  lines. 

If  now,  without  removing  the  glass  rod,  the  knob  be 
electrically  connected  with  the  tin  -foil  coating  by  means 
of  a  wire  (Fig.  Ill),  the  potential  of  the  knob  and  leaves 
will  become  zero  ;  there  will  be  no  charge  on  the  leaves, 

but  a  still  larger 
negative  charge 
will  be  induced 
on  the  knob  than 
before.  Removing 
the  wire  which 
connects  the  knob 
with  the  coating 
will  produce  no 
change  provided 
that  the  position 
of  the  glass  rod 
and  its  electrifica- 
tion both  remain 
exactly  as  before, 
the  gold  leaves 
and  the  knob  will 
still  be  at  zero 

™fQrif;0l  fl^ 

potential, 

leaves        will        be 

uncharged,    while 
the  knob  will  possess  a  negative  charge. 

The  knob  and  gold  leaves  may  now  have  either  a 
positive  or  a  negative  potential  given  to  them  by  moving 
the  glass  rod  nearer  to  or  farther  away  from  the  knob, 
the  latter  case  being  shown  in  Fig.  112  ;  and  if  the  rod 
be  replaced  in  its  original  position  the  potential  of  the 
knob  will  again  become  zero,  unless  some  of  the  charge 
on  the  excited  rod  has  leaked  away.  If  the  rod  be 
removed  altogether,  the  leaves  and  knob  of  the  electro- 
scope are  left  with  a  negative  potential. 


Fig.  111.—  Interior  of  Electroscope  Earthed.  Sign 
of  the  Charge  indicated  by  Continuous  Lines  ; 
Sign  of  the  Potential  by  Dotted  Lines. 
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A  negative  charge  and  a  negative  potential  would  be 
given  to  the  leaves  if  a  rubbed  ebonite  rod  had  been 
brought  simply  into  contact  with  the  knob  w  of  the 
electroscope ;  but,  unless  the  ebonite  were  rather  highly 
electrified,  it  would  be  found  that,  in  consequence  of 
ebonite  being  a  good  insulator,  but  little  charge  would 
be  given  up  to  the  knob  by  mere  contact  with  one  spot 
of  the  rod.  On  the  other  hand,  if  the  rod  were  highly 
electrified, 
its  action, 
when  close 
to  the  knob, 
would  be  so 
great  as  to 
certainly 
tear  the 
gold  leaves 
apart. 

If  we 
desire  to 
electrify 
the  leaves 
of  a  gold- 
leaf  electro- 
scope pOSl-  Figj  n2._Earthing  Wire  Disconnected  and  then  Excited 
tively,  the  Glass  Rod  Removed.  Sign  of  the  Charge  indicated  by 

Continuous  Lines ;   Sign  of  the  Potential  by  Dotted 
IllOSt       COn-  Lines. 

venient  me- 
thod is  to  act  inductively  with  a  rubbed  stick  of  ebonite 
in  the  following  way: — (1)  connect  the  knob  of  the  electro- 
scope with  the  tin-foil  coating  by  means  of  a  wire,  or 
simply  place  one's  finger  on  the  knob;  (2)  bring  the 
rubbed  ebonite  near  to  the  knob ;  (3)  withdraw  the  wire 
or  finger  from  the  knob  ;  (4)  lastly,  take  away  the  rubbed 
ebonite.  The  leaves  are  now  positively  charged,  and 
have  a  positive  potential  relatively  to  the  tin-foil  coating. 
67.  Testing  the  Sign  of  the  Electrification  of  a 
Body. — Use  the  body  to  give  the  leaves  of  a  gold-leaf 
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electroscope  a  small  inductive  charge.  Then  bring  up  a 
rod  of  ebonite  that  has  been  highly  electrified  by  rubbing 
it  with  cat's-skin  or  cloth — if  it  be  highly  electrified  it 
will  crackle  while  it  is  being  rubbed ;  observe  the  change 
in  the  divergence  of  the  gold  leaves ;  an  increase  in  the 
divergence  means  that  the  gold  leaves  are  electrified 
negatively,  and,  therefore,  that  the  body  used  to  give 
them  their  induced  charge  was  electrified  positively, 
while  a  diminution  in  the  divergence  means  the  opposite. 

It  is  important  to  carefully  watch  the  gold  leaves 
while  bringing  up  the  ebonite,  especially  if  the  diverg- 
ence of  the  leaves  be  small,  for  it  may  be  first  reduced  to 
zero,  and  then  made  to  increase  on  bringing  up  the 
rod,  and  unless  this  first  diminution  in  the  divergence  be 
noted,  a  wrong  conclusion  will  be  arrived  at  with  refer- 
ence to  the  sign  of  the  body's  electrification. 

This  method  is  better  than  that  of  starting  by  giving 
the  electroscope  a  charge  of  electricity  of  known  sign,  for 
example,  negative,  since,  although  an  increase  in  the 
divergence  of  the  leaves,  produced  by  bringing  up  the 
body  under  test,  indicates  quite  correctly  that  the  body 
is  charged  with  electricity  of  the  same  sign  as  the  leaves, 
a  diminution  in  the  divergence  may  mean  either  that 
the  body  is  charged  oppositely,  that  is  positively,  or  not 
charged  at  all,  or  charged  negatively,  but  so  that  its  po- 
tential is  much  nearer  zero  than  the  potential  of  the  knob 
and  leaves  of  the  electroscope.  For  example,  although 
the  knob  and  leaves  may  be  first  charged  with  a  piece  of 
well-excited  ebonite,  it  will  be  found,  on  bringing  up  a  large 
sheet  of  ebonite  only  slightly  electrified,  that  the  diverg- 
ence of  the  leaves  diminishes,  in  spite  of  the  fact  that  the 
electrification  of  the  ebonite  sheet  is  of  the  same  sign  as 
the  charge  in  the  gold  leaves. 

68.  Screening  Outside  Space  from  Inside  Electro- 
static Action. — In  §  56,  page  196,  we  saw  that  a 
closed  box  which  may  be  made  of  even  non-conducting 
material  will  completely  screen  the  interior  from  outside 
electrostatic  action  if  the  surface  of  the  box  be  entirely 
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covered  with  a  continuous  film  of  even  the  very  thinnest 
gold  leaf,  and  that  the  same  result  can  be  practically  at- 
tained with  the  coating  of  transparent  conducting  varnish, 
prepared  and  applied  in  the  manner  stated  in  §  58,  page 
200.  The  converse  of  this,  however,  is  by  no  means 
universally  true,  indeed  the  method  of  comparing  electric 
quantities  described  in  §§  64  and  65  depends  for  its 
action  on  a  charged  body  inside  a  conducting  box  being 
able  to  produce  a  potential  and  electric  forces  outside  the 
box. 

In  §  66  it  is  seen  that  the  charge  induced  on  the 
outer  surface  of  an  insulated  conducting  box  A,  sur- 
rounding an  electrified  body,  c,  is  always  exactly  equal 
to  the  charge  on  c,  while  the  potential  of  A  depends  not 
only  on  this  charge,  but  on  the  size  of  A  and  its  position 
relatively  to  bodies  outside  it.  Hence  it  follows  that : — 

1.  If  the  box  be  insulated  from  the  earth,  and  be  not 
much   larger  than    the    electrified    body   inside  it,    the 
screening  action  will  be  extremely  small. 

2.  If  the  box  be  insulated  from  the  earth  and  the 
dimensions  of   its   side   separating   the  electrified  body 
inside  the  box  from  the  body  acted  upon  outside  be  large 
compared  with  the  distance  between  the  two  bodies,  the 
screening  action  will  be  large. 

3.  If  the  box  be  earthed  the  screening  action  will  be 
perfect  whether  the  box  be  small  or  large. 

In  the  cases  just  considered  the  body  c  is  supposed 
to  be  electrified  when  outside  the  box  A,  and  before  it  was 
introduced  into  A.  If,  however,  the  conducting  box  A 
be  entirely  closed  up,  and  the  body  c  electrified  when  it 
is  inside  A  by  some  operation  performed  inside  A,  then 
it  follows,  from  the  experiment  described  in  §  65,  that 
this  electrification  of  c  inside  A  will  produce  no  effect 
outside  A,  whether  A  be  insulated  or  not,  or  charged 
or  not. 

In  fact,  a  completely  closed  conducting  box  separates 
space  into  two  parts  which  are  entirely  distinct  from  one 
another  electrically,  for  no  effect  can  be  produced  in 
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either  by  an  electrostatic  operation    performed  in  the 
other. 

69.  Electric  Density. — In  addition  to  knowing  the 
potential  of  a  body  and  the  charge  on  it,  it  is  important 
to  know  the  distribution  of  this  charge  ;  for  while  the 
quantity  of  electricity  in  a  body  as  a  whole  may,  for 
example,  be  nought,  the  body  may  be  highly  electrified 
positively  at  one  part  and  negatively  at  another.  To 
test  the  distribution  over  the  surface  of  a  conductor 
without  altering  it  in  the  operation  of  testing  we  may 
use  a  "proof-plane"  (Fig.  113),  consisting  of  an  insulat- 
ing handle,  H,  carrying  a  thin  disc  of  metal,  M,  so  small 


Fig.  113.— Proof-Plane. 

in  area  that  it  practically  coincides  with  any  part  of  the 
surface  of  the  conductor  against  which  it  may  be  laid 
flat.  Then  since,  as  proved  in  §  63,  page  210,  electricity  at 
rest  on  a  conductor  resides  only  on  its  surface,  it  follows 
that  if  the  proof-plane  be  pressed  quite  flat  against  the 
surface  any  quantity  of  electricity  that  was  on  the  area 
now  covered  by  the  proof-plane  will  transfer  itself  to  the 
surface  of  \h&' proof -plane,  and  will  be  carried  away  with 
the  proof-plane  when  it  is  withdrawn,  provided  it  be 
moved  without  tilting  along  a  line  perpendicular  to  its 
surface. 

The  electricity  on  the  plane  can  then  be  measured  by 
the  method  described  in  §64,  page  213,  for  comparing  quan- 
tities of  electricity,  and  so,  by  a  series  of  contacts  with  dif- 
ferent parts  of  the  surface  of  the  conductor  and  subse- 
quent comparison  of  the  various  quantities  of  electricity 
removed  by  the  proof-plane,  the  distribution  of  charge  on 
the  surface  of  the  conductor  can  be  mapped  out. 

If  the  investigation  be  made  by  means  of  one  par- 


Oliap.  III.]  PROOF    PLANE.  225 

ticular  proof-plane  the  quantities  of  electricity  on  it  at 
different  times  can  be  compared  without  placing  the  proof- 
plane  inside  the  hollow  conductor  A  (Fig.  109,  page  215), 
which  it  was  necessary  to  use  when  we  desired  to  com- 
pare the  electric;  charges  on.  bodies  of  different  sizes,  and 
not  merely  the  charges  at  different  times  on  the  same 
conductor.  For  the  proof-plane  being  small  in  area  it 
may  be  placed  flat  against  the  knob  of  the  gold-leaf 
electroscope  and  so  for  the  time  become  part  of  the  sur- 
face of  the  knob.  The  charge  on  the  proof -plane  will 
then  be  transferred  to  a  definite  conductor,  viz.  the  knob, 
gold  leaves,  and  the  stout  wire  supporting  them,  and  as 
the  conductor  is  practically  in  a  fixed  position  relatively 
to  other  bodies  the  charge  transferred  to  it  will  be  ap- 
proximately proportional  to  the  potential  of  the  system 
as  measured  by  the  divergence  of  the  gold  leaves. 

And  even  if  the  knob  of  the  electroscope  be  too  small 
for  even  the  diminutive  proof-plane  to  coincide  practically 
with  its  spherical  surface,  what  has  just  been  said  will  still 
remain  true  provided  the  plane  be  always  held  against  the 
knob  in  the  same  position ;  for  then  the  proof-plane,  the 
knob,  the  supporting-wire  and  the  gold  leaves  together 
will  constitute  a  definite  conductor  which  is  practically 
in  a  definite  position  relatively  to  other  bodies.  Hence 
the  charge  on  this  conductor  will  be  approximately  pro- 
portional to  its  potential. 

In  making  tests  of  the  density  at  different  parts  of 
the  surface  of  an  insulated  conductor  it  must  not  be  for- 
gotten that  the  charge  on  the  conductor  will  be  gradually 
removed  by  the  successive  applications  and  removals  of 
the  proof-plane,  in  addition  to  the  slow  loss  of  charge 
that  will  occur  slowly  or  quickly  from  defective  insulation. 
Hence  unless  there  be  some  device  similarly  to  that 
described  in  Vol.  II.  for  keeping  up  the  potential 
by  a  renewal  of  the  portion  of  the  charge  lost,  wo 
must  not  conclude  because  a  test  made  with  a  proof- 
plane  at  a  point  p  on  the  surface  of  a  conductor  gives  a 
larger  result  than  that  made  subsequently  at  a  point  Q 
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Fig.  114.  —  Insulated 
Ball.  Sign  of  the 
Charge  indicated  by 
Continuous  Lines  ; 
Sign  of  the  Potential 
by  Dotted  Lines. 


that  the  density  at  P  is  really  larger  than  at  Q.      What 

ought  to  be  done  is  to  make  a  test  at  the  point  P,  then  at 
the  point  Q,  and  lastly  at  the  point  P 
again,  and  the  result  obtained  at  Q 
should  be  compared  with  the  mean  of 
the  two  results  obtained  at  P. 

70.  Examples  showing  the  Dif- 
ference between  Potential,  Quantity, 
and  Density. — To  familiarise  the 
student  with  the  difference  between 
potential,  quantity,  and  density,  the 
following  examples  may  be  considered. 
A  (Fig.  1 1 4)  is  an  insulated  conducting 

sphere  charged  positively,  far  removed  from  the  inductive 

action  of  all  other  bodies,  then  its  potential  charge  and 

the  density  on  its  two  sides  are  given  by  1  in  the  following 

table.    Now  let  a  large  conductor  B,  in  metallic  connection 

with    the    earth    (Fig. 

115),   be   brought   into 

the  neighbourhood  of  A 

on  its  right  side,  then 

2    will     represent    the 

electric  state  of  A.     Let 

B  be  brought  nearer  to 

A  ;    A'S  state  will   now 

be  given  by  3.     If,  on 

the  other  hand,  A  and 

B    be    separated    more 

and  more,  A'S  state  will 

be  more  and  more  like 

that  given  in  1. 

B  being  entirely  re- 
moved, let  a  positively 

charged    body    c    (Fig. 

116)    bs   brought   into 

the  neighbourhood  of  A 

on  its  left  side,  4  will  then  represent  A'S  state.     Bring 

C  nearer  to  A,  but  not  so  near  that  a  spark  or  a  brush 


Fig.  115.— Earthed  Conductor  brought  near 
an  Insulated  Positively  Charged  Ball. 
Sign  of  the  Charge  indicated  by  Con- 
tinuous Lines  ;  Sign  of  the  Potential 
by  Dotted  Lines. 
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discharge  can  pass  between  A  and  C,  A'S  state  will  now  be 
changed  to  5.  Now  while  c  is  near  A  let  A  be  earthed 
(Fig.  117),  positive  elec- 
tricity will  flow  from  A 
to  the  ground,  and  6 
will  give  the  potential, 


Fig.  116.— Positively  Charged  Body 
brought  near  an  Insulated  Posi- 
tively Charged  Ball.  Sign  of  the 
Charge  indicated  by  Continuous 
Lines  ;  Sign  of  the  Potential  by 
Dotted  Lines. 


Fig.  117.—  Positively  Charged  Body  brought 
near  an  Earthed  Ball.  Sign  of  the  Charge 
indicated  by  Continuous  Lines  ;  Sign  of 
the  Potential  by  Dotted  Lines. 


charge,  and  the  density  on  the  two  sides  of  A.  Lastly, 
let  A  be  disconnected  from  the  ground,  and  then  let  c 
be  removed  to  a  great  distance  from  A,  so  that  A  is  left 
alone,  as  in  Fig.  114,  then  state  7  will  be  arrived  at. 

STATE  OF  THE  CONDUCTOR  A. 


^ 

Density. 

£ 

g 

& 

3 

SO 

Potential. 

Charge. 

£ 

E 

Left  Side. 

Bight  Side. 

l 

114 

Positive 

+  Q  say 

Positive 

+  and  equal 

to  density 

on  left  side 

2 

115 

+  but  less 

+  Qas 

+  .but  less 

+  but  greater 

than  in  1 

before 

than  in  1 

than  in  1 

3 

115 

+  but  small 

+  Q 

+  but  much 

+  and  much 

less  than  in  1 

greater 

than  in  1 
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STATE  OF  THE  CONDUCTOR  A  (continued}. 


1 

.- 

Density. 

s 

tc 

Potential. 

Charge. 

B 

S 

Left  Wi.lc. 

Right  Hide. 

4 

116 

-f  and  greater 

+  Q 

+  but  less 

+  and  greater 

than  in  1 

than  in  1 

than  in  1 

5 

116 

+  and  much 

+  Q 

+  almost 

-f  and  much 

greater 

nought 

greater 

than  in  1 

than  in  1 

6 

117 

Nought 

—  q  say 

Negative 

Nought 

7 

Negative 

—  q  as 

—  but  less 

Negative 

in  6 

than  in  6 

Bringing  the  earthed  conductor  B  near  the  right-hand 
side  of  A  (Fig.  115)  has  exactly  the  same  effect  as  cooling 
the  right-band  end  of  a  gas-bottle  which  has  been  placed 
horizontally,  or  cooling  the  vessel.  V3  (Fig.  106,  page  207) 
when  the  vessels  .Vj  and  V2  have  been  connected  together 
by  opening  the  tap  T.  The  pressure  of  the  gas  at  all 
parts  of  the  bottle  is  uniformly  reduced,  while  the  weight 
of  gas  in  the  bottle  remains  unchanged,  the  density,  or 
weight  of  a  cubic  inch  of  gas  becomes  less  than  before 
at  the  left-hand  end  of  the  bottle,  or  in  the  vessel  Vj, 
and  greater  than  before  at  the  right-hand  end,  or  in 
the  vessel  y3. 

Again,  bringing  a  positively-charged  body  c  near  the 
left-hand  side  of  A  (Fig.  116)  is  like  warming  the  left- 
hand  end  of  a  horizontal  gas-bottle,  or  warming  the 
vessel  Vp  The  pressure  of  the  gas  at  all  parts  of  the 
bottle  is  uniformly  raised,  while  the  weight  of  the  con- 
tained gas  remains  unchanged,  the  density  of  the  gas 
becomes  less  than  before  at  the  left-hand  end  of  the 
bottle,  or  in  the  vessel  v1}  and  greater  than  before  at 
the  right-h,and  end,  or  in  the  vessel  V0. 

Next  let  a  negatively -charged  plate  M  be  brought 
near  an  insulated  and  uncharged  plate  P  (Fig.  98,  page 
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202),  p  for  convenience  being  carried  by  the  stout  wire 
of  a  gold-leaf  electroscope,  whose  outer  coating  is 
earthed,  then  the  electric  state  of  the  plate  P  is  given 
by  8  in  the  following  table.  The  reason  why  p,  as  stated 
in  the  table,  has  a  small  positive  charge  is  because  by 
induction  this  charge  comes  into  the  plate  from  the  gold 
leaves  ;  the  charge,  however,  in  the  pkte  and  the  leaves 
together,  which  was  nought  originally,  must,  of  course, 
remain  nought  after  M  has  been  brought  up.  Without 
altering  the  positions  of  M  and  P,  earth  p,  then  its  state 
will  be  given  by  9  in  the  table.  Next  let  p  be  insulated 
again,  9  will  still  give  its  state  as  long  as  the  charge 
on  M  and  its  position  be  unchanged. 

Now  move  M  nearer  to  p,  its  state  will  become  10, 
whereas  if,  instead  of  moving  M  nearer  to  P,  it  be  taken 
farther  away  from  P.  or  taken  away  altogether,  so  that 
p  and  the  electroscope  are  left  alone  (Fig.  96,  page  202), 
p's  state  will  be  given  by  11  in  the  following  table. 

STATE  OF  THE  PLATE  P. 


Den  sit 

V. 

1 

| 

~ 

^r 

Potential. 

Charge. 

K 

'£ 

Upper  Side. 

Lower  Side. 

8 

98 

Negative 

+  but  small 

Positive 

Negative 

9 

98 

Nought 

+  and  large 

-f  and  larger 

Nought 

than  in  8 

10 

98 

Negative 

+  and  larger 

+  and  larger 

Negative 

than  in  9 

than  in  9 

11 

96 

Positive 

+  and  smaller 

+  and  smaller 

Positive 

than  in  9 

than  in  9 

As  regards  the  distribution  of  the  density  over  the 
upper  surface  of  P,  this  will  be  found  to  be  practically 
uniform  as  long  as  the  two  plates  are  near  together, 
parallel  to  one  another,  and  with  their  centres  in  a  line 
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perpendicular  to  both.  Similarly,  the  density  over  the 
lower  surface  of  M  will  also  be  uniform  under  the  same 
conditions  and  numerically  equal  to  the  density  on  the 
upper  surface  of  P,  but  opposite  in  sign.  As  regards  the 
upper  surface  of  M  the  density  will  throughout  be  found 
to  be  much  greater  near  the  edges  of  this  plate  than  at 
the  centre,  so  also  will  be  the  density  over  the  upper 
surface  of  P  and  over  the  lower  surface  of  M  when  the 
plates  are  separately  a  long  distance  from  one  another. 


Fig.  118. — Insulated  Uncharged  Cylinder  placed  symmetrically  between  Two 
Insulated  Balls  Charged  with  Equal  but  Opposite  Potentials.  Sign  of  the 
Charge  indicated  by  Continuous  Lines ;  Sign  of  the  Potential  by  Dotted 
Lines. 

As  a  further  illustration,  let  us  take  the  case  of  an 
insulated  uncharged  cyclinder  c,  placed  symmetrically 
between  two  charged  spheres  A  and  B,  of  equal  size 
(Fig.  118).  Suppose  that  the  potentials  of  A  and  B  are 
equal  numerically,  but  of  opposite  sign,  say,  -(-  5,000 
and  —5,000  volts  respectively.  If  A  only  were  in  the 
neighbourhood  of  c,  the  potential  of  the  latter  would 
be  positive,  but  less  than  that  of  A,  say,  +  1,000  volts; 
if  B  only  were  near  it  would  be  —1,000,  but  if  both  are 
approached,  as  in  Fig.  118,  the  potential  of  c  will  be 
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zero ;  and  any  point  on  the  surface,  whether  at  the  centre 
or  the  extreme  end,  may  be  connected  with  the  leaves  of 
a  delicate  electroscope,  whose  case  is  earthed,  without 
producing  the  slightest  effect.  So,  in  the  same  way,  if 
the  pressure  of  the  gas  in  the  two  vessels  Vj  and  v0 
(Fig.  106,  page  207)  be  first  made  equal  to  that  of  the 
atmosphere,  by  opening  all  the  three  taps,  and  then  the 
taps  at  the  tops  of  the  two  vessels  be  closed,  but  the 
tap  T  be  left  open,  the  temperature  of  the  vessel  vx  may 
be  raised  very  much  and  the  temperature  of  the  vessel  v3 
lowered  very  much,  without  the  pressure  of  the  gas  in 
the  two  vessels,  and  in  the  tube  connecting  them,  alter- 
ing from  that  of  the  atmosphere  if  the  increase  of 
pressure  produced  by  the  heating  of  the  one  vessel  be 
made  to  exactly  counterbalance  the  diminution  of  pres- 
sure produced  by  cooling  the  other. 

The  following  table  gives  the  condition  of  c  when  (12) 
A  alone  is  near  it,  (13)  B  alone  is  near,  (14)  A  and  B 
both  present,  as  in  the  figure  : — 

STATE  OF  CYLINDER  C. 


1 

Density. 

1 

Potential* 

Charge. 

Left  End. 

Centre. 

Wtflil  End. 

12 

+  but  less 

Nought 

Negative 

+  but  small 

Positive 

than  that  of  A 

13 

—  but  less 

Nought 

Negative 

—  but  small 

Positive 

than  that  of  B 

14 

Nought 

Nought 

Negative 

Nought 

Positive 
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CHAPTER    IV. 
RESISTANCE :    ITS  LAWS  AND  MEASUKEMENT. 

"1.  Comparing  Resistances — 72.  Ohmmeter — 73.  Simple  Substitution 
Method  of  Comparing  Resistances — 74.  Differential  Galvano- 
meter— 75.  Wheatstone's  Bridge  :  its  Principle— 76.  Wheatstone's 
Bridge:  its  Use,  and  Simple  Method  of  Constructing — 77.  Bridge 
Key — 78.  Use  of  a  Shunt  with  the  Bridge — 79.  Meaning  of  the 
Deflection  on  a  Bridge  Galvanometer— 80.  Conditions  Affecting 
the  Resistance  of  a  Conductor— 81.  Variation  of  Resistance 
with  Length — 82.  Variation  of  Resistance  with  Cross-Section — 
83.  Variation  of  Resistance  with  Material — 84.  Resistance  of 
Metals  and  Alloys  per  Centimetre  Cube  and  Inch  Cube — 
85.  Resistance  of  Metals  and  Alloys  for  a  given  Length  and 
Weight  —  86.  Variation  of  Resistance  with  Temperature— 
87.  Conductors  of  Large  Specific  Resistance  have  Small  Tem- 
perature Coefficients — 88.  Conductivity — 89.  Comparison  of 
Electric  and  Heat  Conductivities — 90.  Standard  Resistance  Coil — 
91.  Construction  of  Plug  Resistance  Boxes— 92.  Mode  of  Winding 
Resistance  Coils  and  Gauge  of  Wire  Employed — 93.  Values  of 
Coils  for  Resistance  Boxes  and  for  Commercial  Wheatstone's 
Bridges— 94.  Portable  Forms  of  Wheatstone's  Bridge— 95.  Cali- 
brating a  Galvanometer  by  Using  Known  Resistances  and  a' 
Constant  P.D.— 96.  Shunts— 97.  Multiplying  Power  of  a  Shunt— 
98.  Combined  or  Parallel  Resistance— 99.  Currents  in  Parallel  Con- 
ductors— 100.  Usual  Method  of  Constructing  a  Shunt  Box— 
101.  Increase  of  the  Main  Current  Produced  by  Applying  a  Shunt 
—102.  Principle  of  Universal  Shunts— 103.  Method  of  Con- 
structing a  Universal  Shunt  Box,  and  its  Advantages — 104.  Use 
of  Shunts  with  a  Differential  Galvanometer. 

71.  Comparing  Resistances. — By  the  method  de- 
scribed in  §  47,  and  illustrated  in  Fig.  87,  page  177,  two 
resistances  can  be  compared  if  the  relative  calibration  of  a 
voltmeter  only  be  known.  Further,  any  of  the  methods 
described  in  §  52  for  calibrating  a  voltmeter  in  volts, 
which  depend  on  using  a  conductor  whose  resistance  is 
known  in  ohms,  can  be  used  for  measuring  a  resistance 
in  ohms,  if  the  voltmeter  has  been  previously  calibrated 
in  volts.  The  one  of  these  methods  which  is  illustrated 
in  Figs.  89  and  90,  page  185,  is  particularly  useful  when 
we  desire  to  know  the  resistance  of  a  conductor  which  is 
much  heated  by  the  passage  of  a  current  through  it — for 
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example,  the  resistance  of  the  luminous  carbon  filament  of 
a  glow  lamp,  or  the  apparent  resistance  of  the  "electric  arc" 
The  name  "  resistance  "  here  means,  as  before,  the  ratio 
of  the  P.D.  in  volts  to  the  current  in  amperes,  but  it  is  no 
longer  a  constant  quantity  and  independent  of  the  current 
passing,  so  that  it  is  only  by  a  sort  of  extension  of  the 
name  "resistance"  that  it  can  be  used  at  all  in  such  a 
case.  Indeed,  had  the  early  experience  of  currents  passing 
through  conductors  been  always  with  currents  large 
enough  to  produce  considerable  warmth  in  the  conductor, 
it  is  probable  that  we  should,  never  have  acquired  the 
conception  we  now  possess  of  a  conductor  having  a 
definite  resistance  as  it  lias  a  definite  length  or  a  definite 
cross-section. 

Frequently,  when  we  are  measuring  the  resistance  of 
a  conductor  traversed  by  a  strong  current  as,  for  example, 
the  apparent  resistance  of  an  electric  arc,  we  desire  to 
know  in  addition  the  current  which  is  flowing.  In  such  a 
case  the  necessity  of  having  to  take  simultaneous  readings 
of  an  ammeter  and  a  voltmeter  in  order  to  ascertain  the 
resistance  is  no  disadvantage,  since  two  things  have  to 
be  ascertained,  and,  therefore,  two  measurements  must 
necessarily  be  made  at  the  same  time.  But  in  other 
cases,  when  the  resistance  alone  has  to  be  ascertained, 
it  may  be  a  disadvantage  to  have  to  take  readings 
of  two  distinct  instruments  simultaneously.  Hence 
an  instrument  called  an  "ohmmeterf*  was  devised 
by  Professor  Perry  and  the  author  to  enable  the 
resistance  of  any  part  of  a  circuit,  through  which  a 
current  is  passing,  to  be  measured  by  making  a  single 
observation. 

72.  Ohmmeter. — An  ohmmeter  contains  a  "current 
coil"  cc  (Fig.  119)  and  a  P.D.  or  "pressure  coil"  cc 
placed  at  right  angles  to  one  another,  and  both  acting 
on  the  same  magnetic  needle.  The  former  coil  has  its 
terminals  T,  T  connected  with  the  circuit,  the  resistance 
of  some  portion  of  which  it  is  desired  to  measure,  so  that 
c  c  is  in  series  with  the  circuit,  while  t,  A,  the  terminals 
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of  the  pressure  coil,  are  joined  with  the  points  H  and  j,  the 
ends  of  that  bit  of  the  circuit  whose  resistance,  o  ohms, 
is  wanted,  in  the  same  way  as  a  voltmeter,  would  be 
placed  in  parallel  with  H  j. 

The  resistance  of  the  current  coil  is  made  as  low  as 
possible,  while  the  portion  of  the  ohmmeter  between  the 
terminals  t  and  t  is  made  relatively  very  high,  either  by 
the  pressure  coil  c  c  itself  being  wound  with  a  very  long 
fine  wire,  or  by  an  auxiliary  resistance  being  added  to 

this  coil  and  in- 
cluded in  the  in- 
strument between 
the  terminals  t,  t, 

If  the  needle 
be  short,  the 
force  due  to  the 
current  passing 
round  either  of 
the  two  coils  will 
be  perpendicular 
to  the  plane  of  that 
coil  (see  §  20,  Figs. 
34,  38).  Further, 

if  the  needle  be  made  of  hard  steel  so  that  its  magnetism 
is  not  altered  by  the  currents  in  the  coils,  these  two  forces 
will  be  directly  proportional  to  the  currents  respectively. 
Hence  the  needle  will  be  acted  on  by  two  forces  at  right 
angles  to  one  another  :  one  directly  proportional  to  V, 
the  P.D.  in  volts  between  the  points  H  and  J,  the  other 
directly  proportional  to  A,  the  current  in  amperes  pass- 
ing through  the  conductor  H  j.  Consequently,  if  matters 
be  so  arranged  that  no  other  magnetic  forces  than  the 
two  just  mentioned  act  on  the  needle,  it  will  place  itself 
so  that  the  tangent  of  the  angle  it  makes  with  the  plane 
of  the  pressure  coil  will  be  directly  proportional  to  the 
ratio  of  V  to  A,  that  is,  to  o  the  resistance  in  ohms  of  the 
conductor  H  J  (see  §  22,  page  83). 

.Further,  if  all  extraneous  magnetic  action  be  avoided, 


Fig.  119.— Diagram  of  Ohmmeter. 
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then,  whether  the  needle  be  short  or  long,  made  of  soft 
iron  or  of  hard  steel,  it  will  place  itself  at  right  angles  to 
the  plane  of  the  current  coil,  that  is  parallel  to  the  plane  of 
the  pressure  coil  when  t,  t  are  both  connected  with  the 
same  point  11,  that  is,  when  the  resistance  of  the  main  cir- 
cuit included  between  the  two  terminals  t  and  t  is  nought. 
As  the  terminals  t,  t  are  separated  so  as  to  make  contact 
with  points  of  the  main  circuit  farther  apart,  say,  with 
H  and  K,  the  P.D.  between  the  terminals  of  the  pressure 
coil  will  increase,  and  the  needle  will  deflect  away  from 
the  plane  of  the  pressure  coil. 

And,  although  the  tangent  of  this  deflection  may  not 
be  directly  proportional  to  the  ratio  that  the  P.D.  between 
the  points  H  and  K  bears  to  the  current  passing  through 
the  conductor  H  K  J,  the  deflection  will  be  quite  constant 
as  long  as  the  terminals  t,  t  are  connected  with  the  points 
H  and  K  respectively,  or  with  any  two  other  points  in 
the  main  circuit  separated  by  the  same  resistance,  what- 
ever may  be  the  current  passing  through  the  main  circuit. 
For  if  the  main  current  be  doubled,  the  P.D.  between  the 
points  H  and  K  will  be  also  doubled,  therefore  both  the 
forces  acting  on  the  needle  will  be  increased  in  the  same 
ratio,  and  the  deflection  will  remain  as  before.  Hence, 
whatever  the  shape  and  sizes  of  the  two  coils  and  of  the 
needle,  the  scale  of  the  ohmmeter  can  be  graduated  to 
read  off  resistances  directly  in  ohms,  provided  that  the 
only  forces  acting  on  the  needle  be  those  due  to  the  cur- 
rents flowing  round  the  pressure,  and  the  current,  coils 
c  c  and  c  C. 

The  principle  of  the  ohmmeter  has  been  employed  by 
Mr.  Evershed  in  constructing  a  commercial  instrument 
that  has  been  much  used  for  measuring  the  resistance  to 
leakage  of  electric-light  wires  and  fittings. 

73.  Simple  Substitution  Method  of  Comparing  Re- 
sistances.— If  we  merely  wish  to  cut  off  a  length  of  wire 
which  shall  have  exactly  the  same  resistance  as  that  of 
some  other  conductor,  for  example  if  we  desire  to  make 
a  resistance  exactly  equal  to  that  of  a  standard  ohm,  or  a 
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standard  ten-ohm  coil,  the  following  method  may  be 
adopted  : — In  circuit  with  the  conductor  whose  resistance 
we  wish  to  reproduce,  place  any  convenient  current- 
generator  and  a  galvanoscope.  Neither  the  resistance 
nor  the  relative  calibration,  much  less  the  absolute  cali- 
bration, of  this  galvanoscope  need  be  known.  Observe 
the  deflection.  Next  remove  this  conductor,  and  put 
in  its  place  a  piece  of  the  wire,  out  of  which  we  desire 
to  construct  the  resistance,  of  sufficient  length  that  a 
smaller  deflection  of  the  galvanoscope  is  obtained  with 
the  same  current-generator.  Gradually  diminish  the 
length  of  this  wire  until  the  original  deflection  is 
obtained,  then  the  resistance  of  this  wire  must  be 
exactly  equal  to  that  of  the  conductor. 

To  detect  any  possible  change  in  the  sensibility  of 
the  galvanoscope,  or  in  the  strength  of  the  current-gene- 
rator during  the  test — a  change  in  either  of  which  would, 
of  course,  destroy  the  accuracy  of  the  reproduction — it 
is  well,  after  the  wire  has  been  shortened  nearly  suffi- 
ciently, to  substitute  the  original  conductor  and  see 
whether  the  deflection  now  obtained  with  it  is  exactly 
the  same  as  it  was  at  first.  If  it  be  found  to  be  slightly 
different,  then  the  final  adjustment  of  the  length  of  the 
wire  must,  of  course,  be  made  with  the  new  deflection 
of  the  galvanoscope.  Care  must  be  taken  not  to  acci- 
dentally shift  the  controlling  magnet  of  the  galvanoscope 
between  the  interchange  of  the  conductor  and  the  wire  ; 
further,  the  current-generator  should  not  be  allowed  to 
send  a  current  for  so  long  a  time  through  either  the 
conductor  or  the  wire  that  there  is  any  evidence  of  a 
falling-off  of  its  power. 

In  order  to  connect  the  galvanoscope  and  current- 
generator  quickly,  and  conveniently,  with  either  the 
known  or  the  unknown  resistance,  a  "plug  key,  or 
switch  "  (Fig.  1 20),  may  be  conveniently  employed.  It 
consists  of  three  pieces  of  brass,  A,  B,  and  c,  fastened  to  a 
slab  of  ebonite,  or  hard  wood,  E  E,  and  a  brass  plug,  P, 
ground  conically  to  fit  tightly  into  either  of  the  holes,  H 
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or  h,  this  plug  being  provided  with  an  ebonite,  or  a 
wooden  handle.  If,  therefore,  the  conical  brass  plug  p 
is  put  into  the  hole  h,  the  current  will  pass  through 
the  known  resistance,  while  if  the  plug  be  put  into 
the  hole  H,  the  current  will  pass  instead  through  the 
unknown. 

The  current-generator  is  indicated  symbolically  by 
three  thin  lines,  which  stand  for  the  copper  plates  of  a 
battery,  and  by  three  shorter  and  thicker  lines,  which 
stand  for  the  zinc  plates  or  rods.  The  cells  are  under- 


I 


Fig.  120. -Plug  Key. 

stood  to  be  coupled  by  the  zinc  plate,  or  rod,  of  the 
first  cell  being  joined  to  the  copper  plate  of  the  second, 
and  the  zinc  plate  of  the  second  to  the  copper  plate  of 
the  third,  so  that  the  six  lines  in  Fig.  120  are  a  sym- 
bolical representation  of  the  battery  shown  in  Fig.  128. 
page  251.  This  symbolical  representation,  which  is  com- 
monly used  to  stand  for  a  battery,  will  be  employed  in 
the  rest  of  this  book,  and  will  be  found  still  further 
explained  in  §  161,  page  537. 

The  preceding  method  of  comparing  the  equality  of 
two  resistances  is  exactly  analogous  with  Borda's  method 
of  double  weighing,  by  means  of  which  the  weight  of 
a  body  can  be  accurately  compared  with  that  of  known 
standard  weights,  no  matter  how  unequal  be  the  lengths 
of  the  two  portions  of  the  beam  of  the  balance,  or  how 
unequal  be  the  weights  of  the  scale  pans. 
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THE  DIFFERENTIAL  GALVANOMETER. 

74.  Differential  Galvanometer. — If  any  two  con- 
ductors A  and  B  (Fig.  121)  be  placed  in  parallel,  and  a 
current  be  sent  through  the  arrangement,  as  indicated 
by  the  arrows,  the  resistances  of  A  and  B  must  be  in- 
versely proportional  to  the  currents  that  flow  in  these 
conductors  respectively.  For  the  resistance  of  a  con- 
ductor in  ohms  is  the  ratio  of  the  P.D.  maintained 
between  its  terminals  in  volts  to  the  current  that  flows 


through  it  in  amperes,  therefore,  since  the  P.D.  between 
the  terminals  of  each  of  the  conductors  A  and  B  is  the 
same,  the  resistances  must  be  inversely  as  the  currents. 

To  measure  these  currents,  there  might  be  inserted  in  A 
and  B  galvanometers  that  had  been  calibrated  absolutely 
in  amperes,  or  galvanometers  the  relative  calibration  of 
each  of  which  was  known  as  well  as  the  relative  calibra- 
tion of  each  to  the  other.  That  is  to  say,  not  merely 
must  we  know  the  relative  strengths  of  the  currents 
producing  any  two  deflections,  say  40°  and  20°  in  the 
same  instrument,  but  we  must  know  also  what  deflection 
on  either  corresponds  with  each  particular  deflection  on 
the  other.  Such  a  joint  relative  calibration  could  very 
easily  be  carried  out  by  placing  the  two  galvanometers 
in  series,  and  employing  any  of  the  methods  described 
in  Chapter  I.  for  obtaining  the  relative  calibration  of 


a  galvanometer. 


There  would,  however,  be  an  objection  to  inserting 
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galvanometers  in  A  and  B,  arising  from  the  fact  that 
unless  the  resistances  of  the  galvanometers  were  so  small 
compared  with  the  resistances  of  A  and  of  B  respectively, 
that  they  might  be  neglected,  the  resistances  of  the 
galvanometers  must  be  taken  into  account  in  the  com- 
parison of  the  resistances  of  A  and  B.  For  let  these 
resistances  be  a  and  b  ohms  respectively,  the  resistances 
of  the  galvanometers  inserted  in  A  and  B  be  gl  and  g* 
ohms  respectively,  and  let  the  currents  be  Vl  and  C.,, 
flowing  through  A  and  B,  C^  and  C.,  being  measured  rela- 


C' 

Fig.  122.—  Diagram  of  Differential  Galvanometer. 

latively  to  the  same  unit  of  current  which  may,  or  may 
not,  be  the  ampere,  then 


b 

P 

an  expression  involving  the  resistance  of  each  galvano- 
meter. 

If,  however,  we  do  not  require  to  find  out  the  ratio 
of  any  two  resistances,  \\ut  wish  to  make  one  resistance 
exactly  equal  to  another  resistance,  or  equal  to  some 
definite  multiple  of  another  resistance,  say  exactly  ten 
times,  then  the  arrangement  can  be  simplified  by  com- 
bining the  two  galvanometers  into  one  instrument,  as 
indicated  in  Fig.  122,  and  so  obtaining  the  arrangement 
known  as  a  "  differential  galvanometer" 

For  simplicity  let  us  suppose  that  the  differential 
galvanometer  is  to  be  used  for  testing  whether  one 
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resistance  is  equal  to  another,  then  the  two  coils  c  and 
c'  composing  it  (Fig.  122)  are  so  wound  and  placed  rela- 
tively to  the  needle  that  when  equal  currents  pass  round 
the  two  coils  the  magnetic  effects  exactly  balance 
one  another.  The  two  coils  c  and  c'  are  also  constructed 
in  the  way  described  further  on,  so  that  they  not  only 
have  equal  and  opposite  magnetic  effects  on  the  needle 
when  traversed  by  equal  currents,  but  also  have  equal 
resistances.  If  then  a  current  be  sent  through  the 
arrangement  as  indicated  by  the  arrows,  and  the  resist- 
ance of  A  or  of  B  be  altered  until  there  is  no  deflection  of 
the  needle,  it  follows,  since  the  P.D.  between  the  points 
P  and  Q  is  the  same  for  both  the  branches  A  and  B,  that 
the  resistance  of  A  plus  that  of  the  coil  c  is  equal  to  the 
resistance  of  B  plus  that  of  the  coil  c'.  Or  since  the 
resistance  of  c  was  made  equal  to  that  of  c'  when  the 
differential  galvanometer  was  constructed,  it  follows  that 
the  resistances  of  the  remainder  of  the  two  branches, 
that  is  the  resistances  of  A  and  of  B,  are  also  equal. 

The  actual  way  in  which  the  two  conditions,  equality 
of  magnetic  effects  and  equality  of  resistance  of  the  wires 
of  the  two  coils  of  the  differential  galvanometer,  are 
fulfilled,  is  as  follows  : — Two  reels  of  silk-covered  copper 
wire  are  chosen  so  that  the  diameter  of  the  wire  on  each 
is  as  nearly  as  possible  the  same,  and  the  two  wires  are 
wound  side  by  side  on  the  galvanometer  bobbin  until  it 
is  nearly  full  ;  the  wires  are  then  tested  and  cut,  so  that 
the  resistance,  but  not,  of  course,  necessarily  the  length, 
of  each  wire  is  the  same.  A  current  is  now  sent  in 
opposite  directions  through  the  two  coils  in  series,  when 
it  will  be  found  that,  although  the  wires  have  been 
wound  on  side  by  side,  one  of  them  will  have  a  slightly 
greater  magnetic  effect  than  the  other,  partly  perhaps 
because,  being  a  trifle  thicker,  it  has  to  be  longer 
than  the  other,  so  as  to  have  the  same  resistance,  or 
partly  because  it  is,  on  the  whole,  nearer  the  suspended 
needle  than  the  other.  To  remedy  this,  a  small  portion 
of  the  wire  having  the  greater  magnetic  effect  is  un- 
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wound,  and  without  being  cut,  which  would,  of  course, 
destroy  the  equality  of  the  resistances  of  the  two  coils, 
the  portion  so  unwound  is  coiled  up  out  of  the  way 
in  the  base  of  the  instrument.  Thus,  by  unwinding 
more  or  less  from  the  coil  that  was  magnetically  the 
more  powerful,  a  very  good  balance  can  be  obtained. 
In  the  use  of  differential  galvanometers  in  which  the 
needle  is  suspended  by  a  silk  fibre,  a  final  and  most  deli- 
cate adjustment  can  be  obtained  by  raising  or  lowering 
one  of  the  levelling  screws  slightly,  so  as  to  tilt  the 
needle  nearer  to  or  farther  from  one  of  the  coils.  And 
the  spirit  level  attached  to  the  instrument  should  then 
be  permanently  adjusted  so  that  the  bubble  is  in  the 
centre  of  the  glass  cover  of  the  level,  after  the  instru- 
ment has  been  tilted  in  the  manner  just  described. 

If  a  differential  galvanometer  is  to  be  used  for  ascer- 
taining whether  one  resistance  is  a  given  multiple  of 
another,  for  example,  whether  the  resistance  of  the 
branch  A  is  exactly  ten  times  the  resistance  of  the  branch 
B,  the  coil  c  of  the  differential  galvanometer  must  be 
arranged  to  have  ten  times  the  resistance  of  the  coil  c' 
and  the  coil  cmust  also  produce  the  same  magnetic  effect 
011  the  needle  as  the  coil  c'  when  the  current  flowing 
through  A  is  one-tenth  of  that  flowing  through  B.  This 
result  can  be  obtained  by  applying  a  shunt  to  the  coil  c' 
(see  §  104,  page  311). 

THE  WHEATSTONE  BRIDGE. 

75.  Wheatstone's  Bridge:  its  Principle.— The  dif- 
ferential galvanometer  is  a  very  convenient  apparatus 
for  ascertaining  whether  one  resistance  is  a  certain  defi- 
nite multiple  of  another ;  but  for  accurately  and  rapidly 
comparing  any  two  resistances,  whether  equal  to  one 
another  or  whatever  may  be  their  ratio,  the  "  Wheatstone's 
bridge"  or  "Wheafatone's  balance"  as  it  is  sometimes 
called,  is  more  convenient. 

As  the  late  Sir  Charles  Wheatstone  explained,  when 
ho  iirst  gave  a  public  description  of  the  balance  method 
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of  comparing  resistances,  the  credit  of  its  conception  was 
due  to  Mr.  Christie.  The  name  of  the  better  known 
man,  however,  has  been  universally  attached  to  the 
arrangement  which  is  shown  symbolically  in  Fig.  123. 

Two  conducting  branches,  PSQ,  PTQ,  are  joined  in 
parallel,  and  a  current  sent  through  the  arrangement, 
as  indicated  by  the  arrows,  then  in  passing  from  P  to  Q, 
either  along  the  conductor  PSQ,  or  along  the  conductor 


Be 

Fig.  123. 

PTQ,  there  are  points  having  all  potentials  between  the 
potential  of  P  and  that  of  Q,  therefore  it  follows  that  for 
every  point  in  the  conductor  PSQ,  there  must  be  a  point 
in  the  conductor  PTQ  having  the  same  potential.  Let 
s  and  T  be  two  such  points ;  then,  if  they  were  joined 
with  the  terminals  of  an  electrostatic,  or  of  a  current 
voltmeter,  or  indeed  with  the  terminals  of  any  galvano- 
meter, there  would  be  no  deflection.  Given  one  point 
s,  the  corresponding  point  T  can,  therefore,  be  experi- 
mentally found  by  joining  one  terminal  of  an  electrostatic 
voltmeter,  or  of  any  galvanometer,  to  s  and  touching  the 
other  conductor  PTQ  at  different  points  with  a  wire 
attached  to  the  other  terminal  of  the  electrostatic  volt 
meter,  or  of  the  galvanometer,  until  a  point  T  is  found  for 
which  there  is  no  deflection.  In  practice  a  galvanometer 
is  generally  employed,  since  a  galvanometer  can  be  con- 
structed so  as  to  be  a  much  more  sensitive  detector  of  a 
P.D.  than  an  electrostatic  voltmeter. 

Let  A  be  the  current  flowing  along  P  s,  then  A  must  be 
the  current  flowing  along  s  Q  also,  since  no  current  passes 
through  a  galvanometer  connecting  the  points  s  and  T. 
Let  B  be  the  current  flowing  along  P  T  Q,  and  let  «,  />,  c,  d 
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be  the  resistances  respectively  of  PS,  SQ,  PT,  TQ;  then, 
since  the  potential  difference  between  p  and  s  is  the  same 
as  the  potential  difference  p  and  T, 

A  a  —  B  c. 

Similarly,  since  the  potential  difference  between  s  and  Q 
is  the  same  as  the  potential  difference  between  T  and  Q, 


Therefore,  combining  these  two  equations,  we  have 


which  is  the  law  connecting  together  the  resistances  of 
the  four  "arms  "  of  the  Wheatstone's  bridge. 

This  law  may  also  be  proved  graphically,  thus  :  —  Let 
o,  A,  B,  c  (Fig.  124)  be  points  in  a  conductor  through  which 
a  steady  current  is  flowing,  and  let  o  A,  A  B,  B  c  be  drawn 
so  that  the  lengths  of  the  lines  represent,  on  some  con- 
venient scale,  the  resistances  of  the  parts  of  the  conductor 
between  the  points  o  and  A,  A  and  B,  and  B  and  c  respec- 
tively, then  if  lines 
OP,  AQ,  BR,  cs  be 
drawn  perpendicu- 
lar to  the  straight 
line  o  A  B  c  and  of 
such  lengths  that 
they  represent  the 
potentials  at  the 
points  o,  A,  B  and  c 

respectively,  it  follows  from  our  fundamental  definition 
of  resistance  that  the  points  P,  Q,  R  and  s  all  lie  in 
one  straight  line,  and  that  the  tangent  of  the  angle 
this  straight  line  makes  with  OABC  measures  the 
current.  This  tangent  will,  however,  only  measure  the 
current  in  amperes  if  the  length  of  the  horizontal  line 
that  represents  an  ohm  is  the  same  as  the  length  of  the 
vertical  line  that  represents  a  volt. 


Fig.  121. 


244  PRACTICAL    ELECTRICITY.  [Chap.  IV. 

Suppose  now  that  PP'  (Fig.  125)  represents  the  Y.D. 
between  the  points  p  and  Q  in  Fig.  123,  and  suppose  that 
PS  represents  the  resistance  a,  SQ  represents  6,  PT 
represents  c,  and  T  Q  represents  d,  then,  if  the  points  P' 
and  Q  in  both  the  figures  be  joined  by  straight  lines,  and 
perpendiculars  s  s',  T  T'  be  erected,  it  follows  that  these 
perpendiculars  represent  the  P.Ds.  between  the  points  s 

and  Q  and  T 
and  Q  respec- 
tively of  Fig. 
123,  on  the 
same  scale 
that  P  P'  re- 
presents the 
P.D.  be- 
tween the 
points  P  and 
Q.  But  the 
points  s  and 

Fig.  126.  T    are    by 

hypothesis 

selected  such  that  no  current  flows  through  a  galvano- 
meter used  to  join  them,  therefore  s  s'  equals  T  T'. 

Further,  from  the  properties  of  similar  triangles,  we 
know  that  fs;  _  _6_ 

p  P'  ~  a  +  b 
TT'  _        £ 
p  p'       c  -f  d ' 
therefore,  since  s  s'  equals  T  T',  we  have 

b  d 

a  +  b~  c  +  d' 

a       c 
or  b  ~  d ' 

the  same  relationship  as  was  previously  arrived  at  as  the 
law  of  the  Wheatstone's  bridge. 
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The  last  equation  may  be  written  in  the  form 
a b 


and  this  is  the  equation  that  we  should  have  obtained 
for  no  current  through  the  galvanometer,  had  its  ter- 
minals joined  p  and  Q,  and  the  current  generator  been 
placed  between  s  and  T.  Hertce,  when  balance  is  obtained 
with  a  Wheatstone's  bridge,  the  balance  ivill  not  be  dis- 
turbed by  interchanging  the  galvanometer  and  battery. 

76.  Wheatstone's  Bridge:  its  Use  and  Simple 
Method  of  Constructing. — Any  one  of  the  four  resist- 
ances «,  6,  c,  d  can  be  expressed  in  terms  of  one  of  the 
other  resistances  multiplied  by  the  ratio  of  the  two 
remaining  resistances  to  one  another.  For  example, 

a  =  b  x  -j> 

b 

a  =  c  x  -71 
d 

b 
or          a  =  c  x  - 

a 

CY.C.  If  then  the  bridge  be  "  balanced,"  that  is,  if  two  points 
s  and  T  have  been  found  of  the  same  potential,  and  we 
know  the  resistance  of  one  of  the  arms,  say  b  in  ohms, 
and  the  ratio  of  the  resistance  of  two  of  the  other  arms, 
say  c  to  d.  but  not  necessarily  the  values  of  either  c  or  d 
in  ohms,  we  can,  from  the  first  equation  given  above, 
find  at  once  the  value  of  the  resistance  of  the  fourth 
arm,  a,  in  ohrns.  Similarly,  if  we  know  c  in  ohms  and 
the  ratio  of  b  to  a,  but  without  necessarily  knowing 
either  b  or  a,  we  can  at  once  find  the  value  of  d  in  ohms, 
from  the  third  equation,  &c.  Hence,  one  mode  of  using 
the  bridge  to  measure  the  resistance  of  a  is  to  keep  the 
ratio  of  c  to  c?  constant,  and  simply  vary  the  resistance 
of  b  until  no  current  passes  through  the  galvanometer. 
Another  method  consists  in  keeping  b  constant,  and 
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varying  the  ratio  of  c  to  d.     For  example,  the  resistances 

c  and  d  may  be  the  resistances  of  different  lengths  of 
the  same  kind  of  wire,  in  which  case  we  know  that  c  will 
be  to  d  simply  as  the  ratio  of  these  lengths,  whatever  be 
the  absolute  resistance  in  ohms  of  the  two  parts  (see 


Figs.  126  and  126«.— Circular  Metre  Bridge. 


§  81,  page  254).  A  form  of  Wheatstone's  bridge,  in  which 
PTQ,  of  Fig.  123,  was  one  piece  of  stretched  wire,  and 
the  ratio  of  the  "proportional  arms"  c  to  d  varied  by 
moving  the  connection  of  the  wire  leading  to  one 
terminal  of  the  galvanometer,  was  originally  employed 
by  the  Electrical  Committee  of  the  British  Association, 
and  is,  for  this  reason,  sometimes  called  the  "  British 
Association  bridge  " ;  at  other  times,  the  "  metre  bridye," 
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from  the  stretched  wire  being  often  a  metre  long.  The 
wire  may  be  made  of  platinum,  or  better  still,  of  platinum- 
iridinm,  which,  being  very  hard,  tends  to  prevent  the 
wire  from  being  worn  at  any  part. 

To  protect  the  platinum-indium  wire  from  being 
accidentally  knocked  or  damaged,  it  may  conveniently 
be  placed  in  a  groove  cut  in  the  edge  of  an  ebonite  or 
slate  disc,  D  (Fig.  126),  and  contact  made  with  any  point 
of  it  by  means  of  the  spring  key  K  carried  at  the  end  of 
the  movable  radial  arm  A,  and  shown  in  detail  in 
Fig.  126«.  The  small  pin  under  the  knob  K  is  to  prevent 
the  knob  being  pressed  flown  so  much  as  to  damage  the 
platinum-indium  wire.  The  circuit  of  the  battery  B 
(Fig.  126)  is  closed  by  a  separate  key  K'. 

The  scale  round  the  edge  of  the  disc  in  Fig.  126  is 
divided  into  centimetres  and  millimetres,  but  for  rapid 
work  it  is  more  convenient  to  have  this  scale  divided  into 
ratios,  as  indicated  for  a  few  points  in  the  following,  where 
the  top  line  of  numbers  gives  the  length  of  the  platinum- 
iridium  wire  measured  from  the  left  hand,  the  second 
line  of  figures  the  ratio  of  the  length  on  the  left  to  the 
length  on  the  right,  and  the  third  line  the  ratio  of  the 
length  on  the  right  to.  the  length  on  the  left : — 

0     10       120         30         40         50     GO         70       80         90         100 

0     0-111    0-250    0-429    0-667    1      1'500    2-333    4  9  CO 

00      9  4  2-333    1-500    1     0-667    0'429    0-250    O'lll      0 

A  form  of  metre  bridge  of  greater  range  is  shown 
in  Fig.  127.  It  has  three  stretched  wires  ww,  each  a 
metre  in  length,  and  so  arranged  that  either  one  of  them 
alone,  or  two  of  them  in  series,  or  all  three  in  series, 
can  be  made  use  of  to  form  the  two  sides  c  and  d  of  the 
Wheatstone's  bridge  (Fig.  123).  When  the  plug  E  is,  as 
in  the  figure,  placed  in  the  hole  H,  the  current  simply 
passes  through  the  stretched  wire  which  is  nearest  to  the 
observer.  If,  011  the  other  hand,  the  plug  E  be  put  in 
the  hole  k,  then,  since  the  brass  plate  P  is  permanently 
connected  with  the  plate  p  by  a  thick  copper  strip  under 
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the  base  o!  the  instrument,  the  middle  stretched  wire  is 
short-circuited,  and  the  wire  nearest  to  the  observer  is 


in  series  witli  the  one  farthest  from  him.     Lastly,  if  the 
plug,  be  removed  altogether,  the  three  wires  are  in  series. 
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The  object  of  thus  lengthening  the  wire  is  to  increase 
the  sensibility  of  the  test  when  desired,  and  a  still 
further  increase  in  the  sensibility  can  be  effected  by 
removing  the  short-circuit  pieces  S15  S2,  and  inserting 
coils  of  known  resistance  in  place  of  them.  For  example, 
suppose  that  the  ratio  of  the  unknown  to  the  known 
resistance  be  ^  then  the  slider  K  must  be  placed  so  as 
to  divide  the  stretched  wire  into  two  parts  having  this 
ratio.  Hence,  if  one  of  the  three  wires  only  be  used,  the 
lengths  of  the  two  parts  which  will  give  exact  balance 
will  be  60  and  40  centimetres,  and  an  error  of  1  cen- 
timetre in  the  position  of  the  slider  will  correspond 
with  an  error  in  the  determination  in  the  ratio  of 
61  _60 

-—  —  x   100  per  cent.,  or  4-3  per  cent. 
1  *o 

If,  on  the  other  hand,  the  three  wires  in  series  be 
employed,  then  the  lengths  into  which  the  three  metres 
of  wire  must  be  divided  to  obtain  exact  balance  will 
be  180  and  120  centimetres,  and  an  error  of  one  cen- 
timetre in  the  position  of  the  slider  will  correspond 
with  an  error  in  the  determination  of  the  ratio  of 

181         180 

x   100  per  cent.,  or  1'4  per  cent. 


* 


If  now  two  coils,  each  having  a  resistance  equal  to, 
say,  500  centimetres  of  the  stretched  wire,  be  inserted 
in  place  of  the  short  circuit  pieces  Sj  and  s.3,  an  error  of 
a  centimetre  in  the  position  of  the  slider  will  only  corre 
spond  with  an  error  of 

781          780_ 

519    "    520 

—  jTg  —        x   100  per  cent.,  or  0'32  per  cent. 

Contact   between  the   platinum-tipped    knife-edge    k 
and  one  or  other  of  the  stretched  wires,  is  produced  by 


250  PRACTICAL    ELECTRICITY.  [Chap.  IV. 

depressing  the  knob  K,  which  causes  the  lever,  L  L,  to  which 
this  knife-edge  is  attached  to  turn  on  an  axis  A  A.  On 
removing  the  pressure,  the  lever  is  pressed  up  by  a 
spring  underneath  it ;  and  the  slider  should  never  be 
moved  with  the  knife-edge  /»•  depressed,  as  this  would 
scrape  the  stretched  wire  and  alter  its  diameter.  In 
order  to  enable  k  to  make  contact  with  either  the  first, 
second,  or  third  wire,  the  knob  K  is  not  fastened  rigidly 
to  the  lever,  but  can  slide  along  it  in  a  slot,  and  be 
so  placed  that  the  near  end  of  the  spring  s  rests  in 
either  one  of  three  grooves  on  the  top  of  the  lever,  L  L, 
corresponding  with  the  three  positions  of  k  when  it  is  in 
contact  with  the  three  stretched  wires  respectively. 

77.  Bridge  Key. — In  using  a  Wheatstone's  bridge  it 
is  desirable  to  send  the  current  through  the  four  arms  of 
the  bridge  a,  b,  c,  d,  before  it  is  allowed  to  pass  through 
the  galvanometer,  and  this  is  especially  important  when 
testing  the  resistance  of  the  copper  conductor  of  a  long 
submarine  cable,  since  the  current  in  such  a  case  takes 
an  appreciable  time  to  reach  its  maximum  value  and 
become  steady,  due  to  the  cable  acting  as  a  "  condenser  " 
(see  Volume  II.).  Hence,  if  the  galvanometer  circuit 
were  completed  when  the  battery  was  attached  to  the 
bridge,  an  instantaneous  swing  of  the  galvanometer 
would  be  produced,  even  if  a  bore  to  b  the  ratio  of  c  to 
d.  And  although,  since  the  ratio  of  resistances  having 
been  effected,  the  deflection  of  the  galvanometer  would 
become  nought  as  soon  as  the  current  in  the  four 
branches  of  the  bridge  became  steady,  great  delay  in 
the  testing  would  be  caused  by  this  first  swing  of  the 
needle.  A  similar  difficulty  would  occur  in  measur- 
ing the  resistance  of  an  electromagnet  or  even  of  any 
coil  without  an  iron  core,  if  it  were  not  specially  wound  ; 
because  whenever  a  coil  is  so  wound  that  a  current  pass- 
ing through  it  produces  magnetic  action,  a  short  interval 
of  time  has  to  elapse,  after  putting  on  the  battery,  before 
the  current  reaches  its  maximum,  or  steady,  value,  arising 
from  what  is  called  the  "self-induction"  of  the  coil. 
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A  key  for  sending  the  current  through  the  four  arms 
of  the  bridge  before  it  is  allowed  to  pass  through  the 
galvanometer  is  shown  at  K  (Fig.  128),  and  is  a  modifi- 
cation of  the  one  originally  employed  by  the  Electrical 
Committee  of  the  British  Association.  On  pressing 
down  the  button,  contact  is  first  made  between  the 
flexible  piece  of  brass  A  and  the  flexible  piece  of  brass  B. 


Fig.  128.— Bridge  Key. 

This  completes  the  battery  circuit,  and  causes  the  cur- 
rent to  flow  through  the  four  arms  of  the  bridge  shown 
symbolically  in  Fig.  128  by  the  spiral  lines.  On  the 
button  being  still  further  pressed  down,  B  is  brought 
into  contact  with  a  little  knob  of  ebonite  E  on  the  top 
of  the  flexible  piece  of  brass  c.  This  does  not  complete 
any  other  electric  current ;  but  on  the  button  being  still 
further  depressed,  c  is  brought  into  contact  with  D,  and 
the  galvanometer  circuit  is  completed. 
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This  form  of  key  is  to  be  preferred  to  the  ordinary 
bridge  key,  because  all  the  connections  are  above  the 
base  of  the  key  and  in  sight,  whereas  when  the  connec- 
tions are  made  under  the  base,  it  occasionally  happens 
that,  without  it  being  noticed,  the  pieces  of  guttapercha- 
covered  wire  used  to  make  the  connections  are  either 
badly  insulated,  or  are  loosely  connected  at  their  ends 
with  the  terminals  of  the  key,  and  so  introduce  unneces- 
sary resistance. 

78.  Use  of  a  Shunt  with  the  Bridge.— It  is  desirable 
to  employ  also  another  key  k  (Fig.  128),  which  may  be 
quite  simply  made  of  a  twisted  bit  of  hard  brass  wire, 
bent  so  as  to  press  up  against  a  sort  of  bridge  of  hard 
brass  wire,  since  the  resistance  at  the  contact  is  in  this 
case  of  no  consequence.  When  the  key  is  not  depressed, 
a  portion  of  the  current  is  shunted  past  the  galvanometer 
through  any  convenient  shunt  s,  the  resistance  of  which 
need  not  be  known  as  it  does  not  enter  into  the  calcula- 
tions. The  object  of  this  shunt  is  merely  to  diminish  the 
sensibility  of  the  galvanometer  when  the  first  approxi- 
mation is  being  made  to  the  value  of  the  unknown  re- 
sistance. As  soon  as  this  has  been  done  the  key  k  should 
be  depressed,  and  all  the  current  in  the  galvanometer 
circuit  arising  from  want  of  perfect  balance  allowed  to 
pass  through  the  galvanometer  itself,  and  the  resistances 
adjusted  until  perfect  balance  is  obtained.  Another  de- 
vice to  expedite  the  testing,  and  also  to  prevent  power- 
ful currents  being  sent  through  the  galvanometer,  con- 
sists in  not  holding  the  key  K  clown  when  the  first  rough 
approximation  is  being  made,  but  merely  giving  it  a  tap, 
which  has  the  effect,  when  the  balance  is  far  from 
perfect,  of  giving  the  needle  of  the  galvanometer  a 
slight  impulse  to  one  side  or  the  other,  according  as 
the  ratio  of  a  to  b  is  larger  or  smaller  than  that  of 
c  to  d,  instead  of  causing  the  needle  to  violently  swing 
against  the  stops  on  one  side  or  the  other  as  it  would 
do  if  the  key  K  were  held  down  before  balance  was 
arrived  at. 
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79.  Meaning  of  the  Deflection  on  a  Bridge  Galvano- 
meter.— A  considerable  amount  of  time  will  be  saved 
in  testing  if  the  meaning  of  a  deflection  of  the  galvano- 
meter needle;  say  to  the  right,  be  once  for  all  definitely 
ascertained,  and  a  note  be  made  whether  it  means  that 
the  ratio  of  a  to  b  is  too  large  or  too  small.    The  simplest 
way  of  recording  this,  if  we  assume,  for  example,  a  to 
be  the  unknown   resistance,    is  to  put  the  words  -"in- 
crease b  "  and  "diminish  b  "  one  on  each  side  of  the  gal- 
vanometer,   these   being  the  directions  to   be  followed 
according  as  the  needle  deflects  towards  one  or  other  of 
them.     The  position  of   these  two  directions  must,   of 
course,  be  reversed  if  the  terminals  of  the  galvanometer, 
or  of  the  testing  battery,  be  reversed. 

Example  34. — In  measuring  a  resistance  on  the 
Wbeatstone's  bridge  the  resistances  of  the  arms  P  T  and 
TQ  (Fig.  123)  are  1,000  and  100  ohms  respectively. 
The  unknown  resistance  is  placed  in  the  arm  p  s,  and  the 
resistance  in  s  Q  is  adjusted  until  balance  is  as  nearly  as 
possible  obtained.  It  is  found  that  when  the  variable 
resistance  s  Q  is  546  ohms  the  galvanometer  deflection  is 
15  divisions  to  the  left,  while  if  s  Q  is  made  547  ohms 
the  deflection  is  27  divisions  to  the  right.  Find  the 
value  of  the  unknown  resistance,  assuming  proportion- 
ality of  deflection  for  small  changes  in  the  resistance  s  Q. 

A  change  of  1  ohm  in  s  Q  produces  a  change  of  42 

divisions  in  the  deflection,  hence  a  change  of  — ,  or  0'36, 

ohm  in  SQ  would  cause  a  change  of  15  divisions  in  the 
deflection.  Consequently,  if  s  Q  were  546-36  ohms  the 
galvanometer  deflection  would  be  zero,  therefore  the 

resistance  tested  is  —    -  x  546 '36,  or  5463-6,  ohms. 
100 

80.  Conditions    Affecting    the    Resistance    of   a 
Conductor. — The  resistance  of  a  conductor  depends  on 
four  distinct  conditions  : — 

(1)  Its  length. 
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(2)  Its  cross-section. 

(3)  The  material  of  which  it  is  composed,  the  purity 
of  the  material,  and  the  hardness  or  density. 

(4)  The  temperature. 

It  is  therefore  important  that  the  student  should 
ascertain  by  experiment  how  much  change  is  produced 
in  the  resistance  by  varying  each  of  these  four  conditions 
separately.  And  generally,  in  experimenting,  it  is  to  be 
remembered  that  when  it  is  possible  to  chanye  several  of 
the  conditions  under  which  the  experiment  can  be  made,  it 
is  of  the  utmost  importance  that  only  one  of  the  conditions 
should  be  varied  at  one  time.  The  effect  produced  by  the 
variation  of  one  condition  should  be  fully  inquired  into  be- 
fore any  one  of  the  other  conditions  is  in  any  way  altered, 
otherwise  it  will  generally  be  quite  impossible  to  gather 
from  the  results  what  portion  of  the  variation  in  the 
effect  was  produced  by  a  particular  change  in  the  condi- 
tions. 

81.  Variation  of  Resistance  with  Length.— In  §  42, 
page  167,  we  saw  that  when  a  steady  current  passed 
through  a  uniform  conductor  the  P.D.  between  any  two 
points  was  proportional  to  the  length  of  the  conductor 
between  the  points.  Combining  this  fact  with  the 
fundamental  definition  of  resistance  (§  44,  page  172),  it 
follows  at  once  that  the  resistance  of  a  uniform  conductor 
is  proportional  to  its  length. 

This  law  may  also  be  proved  independently  by  using 
a  high-resistance  galvanometer  as  a  voltmeter.  For  it  is 
to  be  remembered  that,  although  it  would  not  be  justi- 
fiable to  prove  that  Ohm's  law  were  true  by  using  a 
cwrre?^-voltmeter,  seeing  that  the  possibility  of  employ- 
ing a  galvanometer  as  a  voltmeter  depends  on  the  fact 
that  Ohm's  law  is  true,  galvanometers  could  be  used  as 
accurate  voltmeters,  when  once  Ohm's  law  has  been 
proved  to  be  true,  even  if  the  distribution  of  potential 
along  a  uniform  wire  conveying  a  steady  current  followed 
some  law  other  than  it  actually  does. 

Fig.  129  shows  a  simple  arrangement  for  testing  the 
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distribution  of  potential  in  such  a  case.  On  pressing 
down  the  key  a  current  is  sent  through  a  uniform  wire 
of  platinum — or  better,  of  platinum-iridium — stretched 
along  a  graduated  bar  between  the  points  ww'.  A 
tangent  galvanometer,  whose  coil  has  a  high  resistance 
compared  with  that  of  the  straight  wire  w  w',  has  one  of 
its  terminals,  B,  connected  with  one  end  of  this  wire,  w, 


Fig.  129. — Apparatus  for  Testing  the  Distribution  of  Potential  along  a  Wire 
Conveying  a  Current. 


while  its  other  terminal,  B',  can  be  connected  with  any 
point  of  the  stretched  wire  by  means  of  the  loose  flexible 
wire  and  the  binding  screw  6-'. 

Then  experiment  shows,  if  the  sensibility  of  the 
galvanometer  is  kept  unchanged  by  the  adjusting  magnet 
not  being  moved  during  the  experiment,  and  if  the 
current  flowing  through  the  wire  w  w'  be  kept  quite 
constant,  that  the  tangent  of  the  deflection  of  the 
galvanometer,  and  therefore  the  P.D.  between  its 
terminals,  is  directly  proportional  to  the  length  of  the 
wire  w  s'. 
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Instead  of  the  binding  screw  s'  (Fig.  129)  we  may 
conveniently  use  a  movable  spring  key  ;  but  whatever 
method  be  employed  of  making  connection  with  different 
points  of  the  stretched  wire,  the  contact  must  be  loosened 
before  the  connecting  device  is  moved  along,  otherwise 
the  wire  will  be  scraped,  and  its  cross -section  will  no 
longer  remain  perfectly  uniform. 

If  it  be  desired  to  try  this  experiment  with  a  longer 
wire  than  can  be  conveniently  used  in  a  straight  form, 

we  may  employ 
the  frame  (Fig. 
130),  consisting 
of  six  or  more 
wooden  cylinders 
having  a  screw 
groove  cut  on 
each.  Lengths  of 
say  5,  10,  20,  30, 
40  and  50  feet  of 
wire  of  the  same 
material  a,nd  hav- 
ing exactly  the 
same  thickness 
throughout,  say 
001  of  an  inch, 
may  be  wound 
in  the  grooves 
on  the  respective 

cylinders,  and  by  connecting  the  binding  screws  together 
in  pairs  the  whole  of  the  wire  may  be  joined  up  in 
series.  If  a  current  be  sent  through  the  whole  of  the 
wire  joined  up  in  series  from  left  to  right  through 
the  wire  on  the  first  cylinder,  right  to  left  through 
that  on  the  second,  &c.,  and  if  the  current  be 
maintained  constant,  it  will  be  found  that  the  P.D. 
between  the  terminals  at  the  ends  of  any  one  of  the 
cylinders  is  proportional  to  the  length  of  wire  on  that 
cylinder, 


Fig.  130. 
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82.  Variation  of  Resistance  with  Cross-Section.— 
For  ascertaining  the  law  of  variation  of  the  resistance 
of  a  conductor  with  its  cross-section  the  spiral  grooves 
in  another  set  of  six  cylinders  (Fig.   130)  have  wound 
in  them  wires  all  composed  of  the  same  material  and 
of  exactly  the  same   length  (say,  twenty-one   feet),   but 
having   diameters   respectively   of,    say.   0-008,   0-0095, 
0-01,  0-0136,  0-0158,  0-019  of  an  inch.     The  resistances 
of  these  wires  may  be  tested   by  any  of  the  methods 
described  in   the  §§   71   to  76,  in  terms  of   some    one 
resistance    taken    as    a    standard ;    and    when    this    is 
done,  it  is  found  that   the  resistances   of  the   different 
conductors  of  the  same    material   are-  inversely   as    the 
squares  of  their  diameters — that  is,  inversely  as   their 
sectional  areas. 

83.  Variation  of  Resistance  with  Material.— The 
cylinders    in  this  case  have   wound  on  them  wires   of 
exactly  the  same  length  (say,  twenty-one  feet)  and  having 
exactly  the  same  diameter  (say,  O'Ol   of  an  inch),  but 
made  of   the  following  materials   respectively — copper, 
brass,  platinum,  iron,  lead,  and  German  silver ;  and  when 
the  resistances  are  tested  by  any  of  the  methods  de- 
scribed in  §§  71  to  76,  it  is  found  that  the  metals,  as 
given  in  this  list,  are  arranged  in  increasing  order  of 
resistance,  and  that  the  resistances  are,  roughly,  as  the 
numbers  1,  4,  5|,  6,  12,  13. 

84.  Resistance  of  Metals  and  Alloys  per  Centimetre 
Cube    and    per   Inch    Cube. — The   "specific   resistance" 
of   a   material   is   usually   expressed    as   the   resistance 
in  "microhms"  or  millionths  of  an   ohm,  at   0°C.   of  a 
centimetre  cube,  or  of  an  inch  cube — that  is,  the  resist- 
ance from  one  face  to  the  opposite  face  across  the  cube. 
It  has  been  customary  hitherto  in  books  to  give  a  table 
of  the  specific  resistances  of  a  number  of  pure  materials 
and  alloys  expressed  to  four  significant  figures  as  deter- 
mined by  Dr.  Matthiesseii  nearly  thirty  years  ago  ;  and 
such  a  table  will  be  found    in    the  earlier  editions  of 
"  Practical  Electricity."     But  during  the  last  few  years  a 
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number  of  investigations  have  been  carried  out  on  the 
resistance  of  copper — the  material  generally  employed 
for  an  electric  conductor — and  it  has  been  found  that  a 
diminution  of  from  3  to  4  per  cent,  can  be  produced  in 
the  resistance  of  copper  by  compressing  it,  without  any 
change  being  made  in  its  chemical  composition.  The 
resistance  of  different  samples  of  copper  chemically  of 
the  same  quality  diminishes  more  rapidly  than  the 
density  increases  ;  so  that  even  if  we  compare  the 
resistances  of  different  copper  wires  of  the  same  length 
and  weight  (Table  No.  VI.)  instead  of  the  same  length 
and  cross-section,  it  will  still  be  found  that  the  denser, 
and  therefore  the  thinner,  wire  has  the  less  resistance. 
The  difference  between  the  resistances  of  copper  wires  of 
the  same  length  and  weight  is,  however,  less  of  course 
than  between  the  resistances  of  wires  of  the  same  length 
and  cross-section. 

TABLE    VI. 

VARIATION  OF  SPECIFIC  RESISTANCE  AVTTH  DENSITY,  FOR  HIGH 
CONDUCTIA'ITY  COPPER. 


Resistance  in  International 

Resistance  in  International 

Density. 

Microhms   per    Centimetre 
Cube,  at  0"C. 

Ohms   of  a  wire   1   metre 
long,  weighing  1  gramme. 

Hard  Drawn. 

Annealed. 

Hard  Drawn. 

Annealed. 

8-86 

1-6076 

_ 

0-1424 

8-88 



1-605 



0-1425 

8-89 

1  -635 

1-587 

0-1454 

0-1411 

8-90 

1  -629 



0-1450 

— 

8-92 

1-615 

— 

0-1440 

— 

8-94 

1-597 

1-557 

0-1428 

0-1392 

This  table  is  extracted  from  an  article  by  Mr.  T.  C.  Fitzpatrick 
"  On  the  Specific  Resistance  of  Copper,"  in  the  Electrician  for 
October  3rd,  1890.  (See  the  note  on  page  312.) 

Similar  investigations  have  not  yet  been  made  with 
other  materials,  so  that  the  specific  resistances  given  in 
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the  following  table  (No.  VII.)  must  be  regarded  as  being 
only  approximately  correct,  and  they  are,  therefore,  stated 
only  to  three  significant  figures.  The  substances  are 
arranged  in  order  of  increasing  specific  resistance,  and 
the  unit  employed  is  the  international  microhm. 

TABLE    VII. 

PURIFIED    SUBSTANCES    ARRANGED    IN    ORDER    OF    INCREASING 
RESISTANCE  FOR  THE  SAME  LENGTH  AND  SECTIONAL  AREA. 


Same  of  Metal. 

Resistance  in  International 
Microhms  at  0°Centigraile. 

Relative 
Resistance. 

Centimetre 
Cube. 

Inch  Cube. 

Silver,  annealed    ... 

1-48* 

0-583 

1 

Copper,  annealed  ...  {  frt°™ 

1-0-') 

1-61 

0-610 
0-633 

1-04 
1-09 

,,            ,,  (Matthiessen) 

1-594 

0-6277 

1-077 

Silver,  hard  drawn 

1-58 

0-622 

1-07 

Copper,  hard  drawn  {  fr°™ 

1-59 
1-64 

0-626 
0-646 

1-07 
1-11 

,,            „  (Matthiessen) 

1-630 

0-6418 

1-10 

Gold,  annealed 

2-05 

0-807 

1-38 

Gold,  hard  drawn  ... 

2-089 

0-822 

1-41 

Aluminium,  annealed 

2-90 

1-14 

1-96 

Zinc,  pressed         

5-61 

2-21 

3-79 

Phosphor  bronze     (about) 

7-8 

3-07 

5-27 

Platinum,  annealed 

9-04 

3-55 

6-09 

Iron,  annealed 

9-69 

3-82 

6-56 

Gold-silver    alloy     (2    oz. 

gold,  1  oz.  silver),  hard 

or  annealed 

10-8 

4-27 

7-33 

Nickel,  annealed-  ... 

12-4 

4-90 

8-41 

Tin.  pressed          ...         ...» 

13-2 

5-19 

8-91 

Load,  pressed 

19-6 

7-71 

13-2 

German  silver        ..  {  fl'°m 
I     to 

19-0 
30-0 

7-48 
11-8 

12-8 
20-2 

Platinum-silver  alloy  (1  oz. 

platinum,   2   oz.   silver), 

hard  or  annealed 

24  3 

9-58 

16-4 

1-481. 


Profs.  De war  and  Fleming  give  1*468,  and  Mr.  Fitzpatrick 
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Name  of  Metal. 

Resistance  in  International 
Microhms  at  0°Centigrade. 

Relative 
Resistance. 

Centimetre 
Cube. 

Inch  Cube. 

Platinoid    .  .  . 
Antimony,  pressec 
Manganin  ... 
Mercury     ... 
Bismuth,  pressed  . 

(about) 

... 
(about) 

34 
35-4 
42 
94-08 
108 

13-4 
13-9 
16-7 
37-04 
42-5 

23 

23-8 
28-7 
63-6 
73 

From  the  preceding  table  we  see  that  of  the  various 
pure  metals  annealed  silver  is  the  one  having  the  least, 
and  bismuth  the  one  having  the  greatest,  resistance  for  a 
given  length  and  sectional  area. 

The  numbers  given  in  the  foregoing  table  can  be  used 
to  ascertain  the  resistance  of  a  wire  or  rod  of  any  length 
and  of  any  cross-section  composed  of  any  one  of  the 
materials  at  0°C.  For  example,  if  s  be  the  specific 
resistance  per  cubic  centimetre,  I  the  length,  and  d  the 
diameter  of  the  wire  in  centimetres,  the  resistance  is 

±ls 

—  ^  microhms. 


85.  Resistance  of  Metals  and  Alloys  for  a  Given 
Length  and  Weight.  —  It  is  frequently  convenient  to 
know,  not  the  resistance  of  a  given  volume  of  a  material, 
but  the  resistance  of  a  given  length  having  a  given 
weight.  In  the  following  table  (<Ko.  VIII.)  will  be  found 
the  resistances  in  international  microhms  at  0°C.  of 
wires  one  foot  long  weighing  one  grain,  and  one  metre 
long  weighing  one  gramme  ;  the  substances  being  ar- 
ranged in  increasing  order  of  resistance  for  a  given  length 
and  weight,  this  order  being  different  from  that  employed 
in  Table  No.  VII.,  where  the  substances  were  arranged 
in  increasing  order  for  the  same  length  and  cross  -section. 
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TABLE   VIII. 

PURIFIED    SUBSTANCES    ARRANGED    IN    ORDER    OF    INCREASING 
RESISTANCE  FOR  THE  SAME  LENGTH  AND  WEIGHT. 


Name  of  Metal. 

Resistance  in  International 
Ohms  at  0°Centigrade  of 
a  wire. 

Relative 
Resistance. 

1  foot  long 
weighing  Igrn. 

1  metre  long 
weighing  1  grin. 

Aluminium,  annealed 

0-1071 

0-0747 

1 

Copper,  annealed      j  f™m 

0-199 
0-209 

0-139 
0-143 

1-86 
1-91 

„             ,,  (Matthiessen) 

0-2037 

0-1421 

1-90 

Copper,  hard  drawn  j  f™m 

0-208 
0-218 

0-142 
0-146 

1-90 
1-95 

„             ,,  (Matthiessen) 

0-2078 

0-1449 

1-94 

Silver,  annealed    ... 

0-218 

0-152 

2-04 

Silver,  hard  drawn 

0-238 

0-166 

2-22 

Zinc,  pressed 

0-575 

0-401 

5-37 

Gold,  annealed 

0-577 

0-402 

5-37 

Gold,  hard  drawn 

0-587 

0-409 

5-47 

Phosphor  hronze      (about) 

1-0 

0-70 

9-3 

Iron,  annealed 

1-082 

0-755 

10-1 

Tin,  pressed          

1-38 

0-960 

12-8 

Nickel,  annealed  ... 

1*51 

1-06 

14-1 

Gold-silver  alloy  (2  oz.  ) 

gold,  1  oz.  silver)  ,  hard  > 

2-36 

1-65 

22-1 

or  annealed                     ) 

German  silver      ...{^ 

2-37 
2-87 

•  1-66 
2-01 

22-2 

26-9 

Platinum,  annealed 

2-74 

1-93 

25-8 

Lead,  pressed 

3-19 

2-22 

29-7 

Antimony,  pressed 

3-41 

2-38 

31-8 

Platinum  -  silver    (1  oz.  ) 

platinum,  2  oz.  silver),  V 
hard  or  annealed           j 

4-19 

2-92 

39-1 

Platinoid    ... 

4-40 

3-03 

40-6 

Manganin  ...             (about) 

5-12 

3-57 

47-8 

Bismuth,  pressed  ... 

15-2 

10-6 

142 

Mercury     ... 

18-36 

12-80 

171 

From  Table  No.   VIII.   we   see  that  of  the    metals 
aluminium  has   the  least  resistance  for  a  given  length 
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and  weight;  whereas  we  saw  from  Table  No.  VII., 
page  259,  that  for  a  given  length  and  cross-section  it  was 
annealed  silver  that  had  the  least  resistance. 

86.  Variation  of  Resistance  with  Temperature.— To 
ascertain  the  way  in  which  the  resistance  of  metals  and 
alloys  varies  with  the  temperature,  small  coils  of  silk-covered 
wire  composed  of  the  different  materials  may  be  conveni- 
ently wound  on  paper  cylinders 
and  inserted  in  narrow  glass 
test-tubes,  C1?  GO,  G3,  and  G4 
(Fig.  131),  the  test- tubes  being 
supported  from  a  wooden  disc. 
One  end  of  each  of  the  coils 
may  be  soldered  to  a  common 
terminal,  T,  while  the  other 
ends  of  the  coils  are  soldered 
to  the  terminals  Tlf  T2,  T3  and 
T  [.  The  test-tubes  are  inserted 
in  the  water-bath  w  (Fig. 
131«),  which  can  be  warmed, 
with  the  Bunsen  burner  u, 
standing  on  a  sheet  of  asbestos, 
A  A,  to  a  temperature  which  is 
indicated  by  the  thermometer 
1 1,  enclosed  in  a  brass  tube 
to  prevent  mechanical  injury  ; 
and  the  resistances  of  the 
different  coils  of  wire  can  be 
measured  with  a  Wheatstone's 

bridge,  differential  galvanometer,  or  other  suitable  arrange- 
ment, the  measuring  apparatus  being  protected  from  the 
heat  of  the  burner  by  means  of  the  double  wooden  screen  s. 
In  carrying  out  experiments  of  this  kind,  it  must  be 
borne  in  mind  that,  as  the  glass  bulb  of  a  thermometer 
is  very  thin,  and  as  mercury  is  a  substance  having  a  very 
small  "  specific  heat"*  a  thermometer  rapidly  acquires  the 

*  The  specific  heat  of  a  substance,  is  the  ratio  of  the  amounts  of  heat 
required  to  raise  equal  masses  of  the  substanco  and  of  water  through  1°. 


Fig.  131.— Coils  of  Wire  used  in 
the  Apparatus  for  Measuring 
the  Variation  of  Resistance 
with  Temperature. 
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temperature  of  the  liquid  in  contact  with  it ;  whereas  a 
mass  of  metal  inserted  in  the  same  liquid  may  have 
a  very  different  temperature  from  the  liquid  which  im- 
mediately surrounds  it,  especially  if  the  temperature  be 


Fig.  131«.—  Calorimeter  for  Measuring  the  Coils  of  Wire  shown  in  Fig.  131. 


rapidly  rising  or  falling.  Further,  a  liquid,  being  a  very 
bad  conductor  of  heat,  the  temperature  in  different  parts 
of  it  will  be  different,  unless  it  be  kept  constantly  in 
motion  ;  therefore  a  stirrer,  s  s,  is  provided  with  the 
"calorimeter"  seen  in  Figs.  131  and  131a.  Lastly,  the 
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water-bath  w  is  made  in  two  separate  parts  in  order 
that  the  current  of  hot  water  which  rises  by  "convection" 
from  the  heated  bottom  of  the  water-bath  may  not  come 
directly  into  contact  with  the  glass  tubes. 

Before  taking  a  measurement  of  the  resistances  of  the 
coils  of  wire  at  any  particular  temperature,  it  is  well  to 
adjust  the  flame  of  the  Bunsen  burner  so  as  to  maintain 
the  temperature  of  the  thermometer  constant  for 'some 
minutes,  the  water  being  constantly  agita.ted  with  the 
stirrer  ss  during  the  time.  For  the  longer  the  time  during 

which  the  temperature  of 
the  water  in  the  water-bath 
is  all  kept  at  a  uniform  and 
constant  temperature,  the 
greater  is  the  probability 
that  the  coils  of  wire  have 
acquired  the  temperature 
indicated  by  the  thermo- 
meter t. 

The  exact  law  connect- 

Fig.  132.  ing   the   variation   of   the 

resistance  of  a  metal  with 
the  temperature  depends  not  only  on  its  chemical 
constitution,  but  on  its  molecular  condition,  such  as 
its  hardness,  and  therefore,  although  a  large  number  of 
experiments  have  been  carried  out  on  this  subject  by 
various  people,  the  results  are  conflicting.  According  to 
Dr.  Matthiessen  and  M.  Benoit,  if  rt  be  the  resistance 
of  a  conductor  of  pure  metal  at  any  temperature  t, 
and  r0  be  its  resistance  at  the  freezing  temperature, 

rt  =  r0(l  +  at  +  bP), 

where  a  and  b  are  positive  coefficients,  and  such  a  law 
gives  a  curve  connecting  resistance  and  temperature 
something  like  AAA  (Fig.  132),  indicating  that  the  re- 
sistance of  a  pure  metal  increases  more  rapidly  than  the 
temperature.  The  late  Sir  W.  Siemens,  however,  who 
was  the  first  to  experiment  on  the  variation  of  resistance 
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at  high  temperature,  showed  that  this  formula  was  only 
correct  between  the  limits  of  0s  and  100°  0.,  and  he 
suggested  the  formula 


where  T  is  the  temperature  measured  from  the  absolute 
zero,  which  is  273°C.  below  the  freezing-point.  As  a 
and  j3  are  positive  coefficients,  this  second  equation 
would  give  a  curve  something  like  ABB  (Fig.  132), 
which  is  quite  different  in  shape  from  A  A  A.  In  fact,  a 
curve  of  the  shape  ABB  indicates  that  the  resistance  of 
a  metal  does  not  increase  as  rapidly  as  the  temperature. 
Prof.  Callendar,  on  the  other  hand,  who  has  devoted 
much  time  during  the  last  few  years  to  a  study  of  the 
temperature  variation  of  resistance,  especially  of  platinum 
at  high  temperatures,  concludes  that  the  first  formula 
generally  represents  the  truth  more  correctly  than  the 
second,  but  he  rinds  that  b  equals  —0-000,000,533,  for 
platinum  a  being  0-003,448.  A  long  series  of  experi- 
ments made  by  Mr.  Kilgour  and  the  author  on  platinum, 
between  0°  and  340°  C.,  shows  that  for  this  metal  a  is 
about  0-0036,  and  that  I  varies  from  —0-000,000,109  to 
—  0-000,000,645.  Hence  the  curve  for  platinum  is  of 
the  shape  ABB  (Fig.  132),  similar  to  that  found  by  the 
late  Sir  \V.  Siemens.  Lastly,  the  measurements  carried 
out  in  1893  by  Mr.  Kennelly  in  America  appear  to 
show  that  the  resistance  of  commercial  copper  follows  a 
straight-line  law  —  that  is,  the  equation  connecting  resist- 
ance and  temperature  is  of  the  form 

rt  =  r0  (1  +  a  t), 

without  any  term  containing  £2,  and  gives  therefore  a 
straight  line  something  like  AC  c  (Fig.  132). 

When  t  is  measured  in  degrees  Centigrade  the  value 
of  a  for  commercial  copper  is  0-00406  —  according  to 
Messrs.  Kennelly  and  R.  A.  Fessenden  —  a  result  not 
differing  much  from  that  published  in  1894  by  Messrs. 
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J.  W.  Swan  and  J.  Rliodin  for  pure  electrolytically 
deposited  copper  when  hard  drawn,  the  temperature 
coefficient  of  which  they  find  to  be  0-00408.  When, 
however,  this  pure  copper  is  annealed,  the  coefficient 
rises  to  as  high  a  value  as  0*00416,  according  to  these 
experimenters,  or  0-00428  according  to  Profs.  Dewar  and 
Fleming.  Dr.  Matthiessen's  experiments  on  copper,  on 
the  other  hand,  led  to  a  value  of  about  0-00387  for  a. 

In  spite,  then,  of  all  the  work  that  has  been  done  on 
this  subject,  we  cannot  say  that  we  are  sure  of  the  shape 
of  the  curve ;  but  we  are,  however,  quite  sure  that  the 
coefficient  a  has  a  value  something  like  0'004  for  pure 
metals,  excluding  iron  and  nickel,  for  which  it'  is  about 
0'005  and  0-007  respectively.  Further,  we  are  also  sure 
that  a  has  only  about  one-tenth  of  this  value  for  certain 
alloys.  So  far,  then,  the  results  of  the  very  important 
research  carried  out  by  Dr.  Matthiessen  thirty  years  ago 
to  discover  a  conductor  of  a  permanent  character  with 
a  low  temperature  coefficient  have  been  fully  confirmed. 
The  following  table  (No.  IX.)  contains  a  few  of  his 
results,  the  substances  being  arranged  in  decreasing 
order  of  variation  of  resistance  with  temperature  : — 

TABLE    IX. 

APPROXIMATE  PERCENTAGE  VARIATION  IN  RESISTANCE  PER   1°C. 
AT  ABOUT  20°C. 


Iron 

Antimony 
Copper,  annealed 
Lead,  pressed 


about  0-5 


0-389 
0-388 
0-387 
0-377 


Silver,  annealed 

Gold,  annealed  \ 

Zinc,  pressed     >  .  .  .  .0-365 

Tin,  pressed       ) 

Mercury  .....     0-072 

Gold-silver  alloy  (2  oz.  gold,  1  oz.  silver), 

hard  or  annealed  ....     0-065 
German  silver,  hard  or  annealed         .  .     0-044 

Platinum-silver  alloy  (1  oz.  platinum,  2  oz. 

silver),  hard  or  annealed  .  .  .0-031 
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From  this  we  see  that,  whereas  (of  the  substances 
experimented  on  by  Dr.  Matthiessen)  an  alloy  of 
platinum-silver,  hard  or  annealed,  is  the  one  of  which 
the  resistance  changes  least  by  temperature,  German 
silver,  which  is  a  very  much  cheaper  alloy,  being  com- 
posed of  copper,  nickel,  and  zinc,  is  nearly  as  good  in 
this  respect. 

The  resistance  of  different  .specimens  of  German 
silver  wire  may,  however,  vary  from  about  0-027  per 
cent,  to  0-044  per  cent,  per  1°C.;  for  the  name  "German 
silver  "  is  applied  indifferently  to  alloys  the  composition 
of  which  varies  from  100  parts  of  copper,  79  parts  of 
nickel,  and  53  of  zinc  to  100  parts  of  copper,  20  parts  of 
nickel,  and  30  of  zinc. 

The  coefficient  b  of  the  term  fi  in  the  formula 

rt  =  r0(l  +  at  +  b  $>) 

is  said  to  be  zero  for  the  platinum-silver  alloy,  to  have  a 
small  positive  value  for  German  silver,  a  small  negative 
value  for  the  gold-silver  alloy,  for  mercury  and  for 
platinum  (see  page  265),  and  a  comparatively  large 
positive  value  for  iron. 

87.  Conductors  of  Large  Specific  Resistance  have 
Small  Temperature  Coefficients. — On  comparing  Table 
No.  IX.  with  Table  No.  VII.  (page  259)  it  will  be 
observed  that,  if  the  metals  and  alloys  be  arranged 
in  increasing  order  of  specific  resistance,  they  are 
arranged  roughly  in  decreasing  order  of  temperature 
variation,  or,  in  other  words,  the  poorer  the  conductor 
the  smaller  its  temperature  variation  of  resistance. 
And  not  only  does  the  temperature  variation  become 
less  and  less  as  the  specific  resistance  of  the  material 
increases,  but  it  passes  to  the  other  side  of  zero  and 
is  negative  in  the  case  of  a  bad  conductor  like  carbon, 
which,  in  the  form  used  in  electric  arc-lamps,  has  a 
specific  resistance  of  about  O'Ol  ohm  per  centimetre 
cube — a  value,  roughly,  6,250  times  as  great  as  that 
of  copper.  That  is  to  say,  the  resistance  of  carbon 
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diminishes  with  increase  of  temperature ;  for  example, 
the  resistance  of  the  carbon  filament  of  a  glow-lamp, 
when  glowing  at  its  normal  brilliancy,  is  only  about 
three-quarters  of  the  resistance  it  possesses  when  cold. 
This  property  of  carbon  has  been  utilised  by  making  a 
resistance  of  a  metallic  wire  in  series  with  a  carbon 
filament,  so  arranged  that  the  increase  of  the  resistance 
of  the  wire  caused  by  rise  of  temperature  was  practically 
balanced  by  the  simultaneous  diminution  in  the  resist- 
ance of  the  carbon  filament. 

When  we  come  to  still  poorer  conductors,  such  as 
gutta-percha  or  indiarubber,  which  are,  therefore,  usually 
termed  insulators,  the  temperature  coefficient  is  not  only 
negative,  but  is  numerically  much  larger  than  it  is  for 
any  metal.  For  example,  the  gutta-percha  which  is 
usually  employed  in  the  manufacture  of  submarine 
cables  has  a  specific  resistance  of  about  350  x  1012 
ohms  per  cubic  centimetre  at  24°C.,  or  about  200 
million  million  million  times  the  specific  resistance 
of  the  copper  conductor ;  but  this  high  resistance  is 
diminished  to  one-ninth  by  an  increase  of  temperature 
of  only  15°C. 

This  connection  between  high  specific  resistance  of  a 
metallic  alloy  and  low  temperature  coefficient  has  led 
people  to  seek  for  metallic  alloys  of  higher  and  higher 
specific  resistances.  About  eight  years  ago  it  was  found 
that  adding  a  trace  of  tungsten  to  German  silver  raised 
its  specific  resistance  from  about  20  microhms  to  34 
microhms  per  cubic  centimetre,  and  lowered  its  tempera- 
ture coefficient  from  about  0'044  to  0-02  per  cent,  per 
1°C.  The  substance  thus  produced  is  called  "platinoid," 
and  has  been  much  used  in  the  construction  of  resistances. 

At  the  present  time,  thin  platinoid  wire  can  be 
purchased  having  a  specific  resistance  as  high  as  35-9 
microhms  per  cubic  centimetre  at  0°C.,  and  a  tempera- 
ture coefficient  as  low  as  0*0178  per  cent,  per  1CC. 

Going  still  farther,  Mr.  Weston,  by  adding  man- 
ganese to  copper  instead  of,  or  in  addition  to,  nickel, 
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has  succeeded  in  preparing  alloys  whose  resistance  does 
not  vary  at  all  for  ordinary  changes  of  temperature,  or, 
like  the  resistance  of  carbon,  actually  diminishes  with 
rise  of  temperature. 

These  manganese  alloys  have  been  very  fully  investi- 
gated at  the  Physikalische  Technische  Reichsanstalt,  the 
German  Government  physical  laboratory  at  Berlin,  and 
these  alloys,  with  as  much  as  30  per  cent,  of  manganese 
and  having  a  specific  resistance  over  100  times  that  of 
copper,  have  been  prepared.  The  particular  alloy,  how- 
ever, which  the  work  of  this  Institute  has  shown  to  be 
the  best  for  ordinary  purposes  is  one  containing  85  per 
cent,  of  copper,  12  per  cent,  of  manganese,  and  3  per 
cent,  of  nickel  by  weight,  and  is  called  "manganin" 
Manganin,  which  has  a  specific  resistance  of  about  42 
microhms  per  cubic  centimetre,  or  about  28  times  that 
of  copper,  is  now  manufactured  commercially  in  Germany, 
and,  excepting  when  the  most  minute  accuracy  is  desired, 
the  variation  of  the  resistance  of  commercial  manganin 
may  be  regarded  as  zero  for  ordinary  changes  of  tem- 
perature. (See  the  note  on  page  312). 

Iron  wire  or  iron  ribbon,  on  account  of  its  low 
price,  is  sometimes  used  for  resistances  to  carry  large 
currents.  There  is  not,  however,  much  to  recommend 
its  use,  since  the  temperature  coefficient  of  iron  is  high, 
and  its  specific  resistance  is  only  about  six  times  as  large 
as  that  of  copper.  Mercury,  on  the  other  hand,  placed 
in  long  shallow  troughs  cut  in  a  wooden  or  ebonite 
board  (Fig.  133),  is  an  excellent  material  to  employ 
for  a  resistance  to  carry  a  large  current,  when  it  is 
desired  to  alter  this  resistance  between  wide  limits 
quite  gradually.  For  mercury  has  about  63  times  the 
volumetric  resistance  of  copper  and  a  low  temperature 
coefficient,  the  resistance  rt  of  a  column  of  mercury  of 
given  length  and  cross-section  at  any  temperature  £"C. 
being  given,  it  is  said,  by  the  formula 

rt  =  r0   (1  +  0-000,748,5  t  -  0-000,000,398  *2). 
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where  r  is  the  resistance  at  0°C.  Further,  it  is 
clear  that  by  moving  the  copper  bridge  pieces  B,  B 
(Fig.  133)  the  resistance  between  the  terminals  T,  T 
can  be  altered  between  wide  limits  and  altered  perfectly 
gradually. 

With  the  bridge  pieces  B,  B  placed  as  shown  in 
Fig.  133,  the  current  passes  from  right  to  left  along  the 
whole  length  of  the  front  mercury  trough,  from  left  to 
right  along  the  whole  length  of  the  second,  from  right  to 


Fig.  133. — Set  of  Mercury  Troughs  used  as  an  Adjustable  Resistance  for 
Large  Currents. 

left  along  about  two-thirds  of  the  length  of  the  third 
mercury  trough,  and  from  left  to  right  along  about 
two-thirds  of  the  length  of  the  fourth.  When  the 
current  is  very  large,  it  may  be  sent  from  right  to 
left  through  two  or  more  of  the  mercury  troughs 
in  parallel,  and  back  again  to  the  other  terminal 
through  two  or  more  of  the  other  mercury  troughs 
joined  in  parallel. 

The  following  table  (No.  X.)  gives  a  list  of  the 
approximate  specific  resistances  and  temperature  co- 
efficients of  materials  commonly  employed  in  the  con- 
struction of  resistances  :-  — 
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TABLE    X. 

SPECIFIC  RESISTANCE  AND  PERCENTAGE  TEMPERATURE  VARIATION 
OF  MATERIALS  USED  IN  CONSTRUCTING  RESISTANCE  COILS. 


Approximate. 

Name  of  Material. 

Resistance  in 
International 

Percentage 
Variation 

Microhms  per 

of 

Centimetre  Cube 

Resistance 

at  0°C. 

perTC. 

Iron      

9-69 

0-5 

Phosphor  bronze  . 

7-8 

0-08 

German  silver 

19  to  30 

0-04  (o  0-028 

Platinum-silver  (  1  oz.  plati-  \ 
num,  2  oz.  silver)                J 

24-3 

003 

Platinoid     .... 

34  to  35-9 

0-02  to  0-0178 

Manganin   (85    oz.  copper,  } 

12  oz.  manganese,  3  oz.  £ 

42 

0 

nickel)                                  ) 

"  Ja  Ja"  wire 

51-5 

—0-0076 

Carbon         .... 

4,500  to  10,000 

—0-03 

Example  35. — To  find  the  resistance  of  a  wire  52 
metres  long,  1  square  millimetre  in  section  at  22°C., 
made  of  pure  copper,  hard  drawn,  density  8 -90. 

Resistance  required  in  ohms. 

-  i'629  x  ??_x_^00       n 
106  i 

Answer. — 0'923  ohm. 

Example  36. — To  find  the  resistance  of  a  wire  110 
feet  long,  -g-^th  of  an  inch  in  diameter,  at  46°C.,  made 
of  pure  annealed  platinum. 

Taking  as  a  mean  correcting  factor  for  platinum 
(1  +  0-0036*  -  0-000,000,38*2),  the  resistance  in  ohms 

,      3-55        110  x  12 
equals    -      -    x    - 


(1  +  0-0036  x  46  -  0'000,000,38  x  46»). 
Answer. — 2 "78  ohms. 
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Example  37.  —  At  what  temperature  will  a  wire  3J 
miles  long,  TVth  of  a  square  inch  in  section,  made  of 
German  silver,  have  a  resistance  of  22  '23  ohms? 

Taking  as  a  mean  value  8  -27  microhms  per  inch  cube. 
(See  Table  VII.) 

22-23  =  *       x  8 


Answer.—  22°  -73  C. 

Example  38.  —  Which  has  the  greater  resistance,  a 
copper  wire  20  feet  long,  0*015  inch  in  diameter,  or  a 
platinum-silver  wire  10  feet  long,  0*037  inch  in  diameter, 
at  0*0.  1 

The  resistance  of  the  copper  wire  will  be  to  that  of 
.,  T  ..  .,  20  x  1-56  .  10  x  24-33 

the  platinum-silver  as       0.01g2       1S  to  -  (R)373~'  °r 

as  0-792  to  1. 

Hence,  the  copper  wire  has  rather  more  than  three- 
quarters  of  the  resistance  of  the  platinum-silver  wire. 

Example  39.  —  What  will  be  the  resistance  at  40°C. 
of  a  copper  strip  1  mile  long,  section  \  inch  x  1  inch, 
having  95  per  cent,  of  the  maximum  conductivity  of 
hard-drawn  copper? 

rru  -4.  •      -u       t,  1    X  0-626 

ihe  resistance  per  inch  cube  =    —  —  -  —  — 

.  •  .  the  resistance  of  the  strip 


-       x          x  -o 

=  0-0969  ohm. 

Answer.  —  0*0969  ohm. 

Example  40.  —  What  will  be  the  weight  of  an  iron 
wire  100  yards  long,  having  a  resistance  of  1  ohm 
at  0°C.  1 

An  iron  wire  1  foot  long,  weighing  1  grain,  has 
1-082  ohm  resistance  at  0°C.  Hence,  an  iron  wire  x 
feet  long,  weighing  x  grains,  has  x  x  1*082  ohms  at 
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0°C.       If   the    weight   is   y    grains,    the    resistance    is 

-    X  x  x   1-082.     x  is  here  300,  and   the  resistance  is 
11 

QAA2 

1  ohm.     Therefore,  -    -    x   1-082  =  1,  or  y  =  13-92  Ib. 

Answer.— 13-92  Ib. 

Example  41. — At  what  temperature,  approximately, 
would  a  German  silver  coil,  which  had  1  B.A.  unit  of 
resistance  at  16°0.,  have  the  resistance  of  1  inter- 
national ohm  1 

One  international  ohm  equals  1-01358  B.A.  unit, 
therefore  the  temperature  must  be  raised  sufficiently  to 
increase  the  resistance  of  the  coil  by  1  '36  per  cent. ; 
German  silver  increases  in  resistance  by  about  0-044  per 
cent,  per  1°0.  (Table  IX.),  therefore  if  t  be  the  increase 
of  temperature  above  16°, 

0-044  x  t  =  1-36 

or  t  =  30° -9  C.  approximately. 

Answer. — The  B.A.  coil  will  have  a  resistance  of  1 
international  ohm  at  about  46°  "9  C. 

Example  42. — At  what  temperature  would  a  metre 
of  mercury  1  square  millimetre  in  section  have  1  inter- 
national ohm  resistance  1 

Answer. — 87° "5  C. 

Example  4.3. — A  set  of  resistance  coils  made  of  plati- 
num-silver are  correct  at  14°C.  Between  what  limits 
of  temperature  approximately  may  they  be  used  without 
correcting  the  results,  if  the  temperature  error  is  not  to 
exceed  J  per  cent.  1 

The  resistance  of  platinum-silver  increases  about 
0"03  per  cent,  per  1°C.,  as  stated  in  the  last  table; 
therefore,  if  t  be  the  number  of  degrees  above  or  below 
14°C.,  within  which  the  coils  may  be  used  without  the 
error  exceeding  J  per  cent., 

0-03  x  t  =  0-25, 
.  • .  t  =  8°. 

Answer. — The  limits  of  temperature  are,  therefore, 
approximately  6°  and  22°0. 
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Example  44.  —  If  the  greatest  change  of  temperature 
at  some  particular  place  between  summer  and  winter  is 
from  —  8°  to  25°C.  in  the  shade,  what  is  the  greatest  per- 
centage variation  in  the  resistance  of  a  set  of  German 
silver  coils  1 

Answer.  —  1'45  per  cent,  approximately. 

88.  Conductivity.  —  "Conductivity"  is  the  reciprocal 
of  resistance,  and  the  name  "  mho  "  has  been  suggested 
by  Lord  Kelvin  as  the  name  for  the  unit  of  conductivity  ; 
thus  the  specific  conductivity  of  annealed  silver  is 

or  666<500  mhos' 


It  is  common  to  speak  of  specimens  of  copper  as 
possessing  various  percentage  conductivities,  such  as  95, 
98,  or  101  per  cent.  What  is  meant  in  such  cases  is 
that  the  specific  resistance  of  such  copper  bears  to 
Matthiessen's  standard  the  ratio  of  100  to  the  number 
mentioned.  Thus  hard-drawn  copper  of  98*5  per  cent. 
conductivity  has  a  resistance  per  cubic  centimetre  at 

100 
0°C.  of   Q^TK   x  1*630  microhm,  or  T655  microhm. 

Example  45.  —  If  the  resistance  of  a  sample  of  com- 
mercial metal  is  97*5  ohms,  whereas  the  resistance  of 
the  same  piece  of  metal,  if  quite  pure,  would  be  9  4  -3 
ohms  at  the  same  temperature,  what  is  its  percentage 
conductivity  in  terms  of  that  of  the  pure  metal  1 

The  conductivity  of  the  sample  of  )  1 

commercial  metal  J  "~~  97^5' 

The  conductivity  of  the  same  if  )  1 

pure  would  j  "  .  94-3  ' 

.  *  .  if  x  be  the  percentage  conductivity, 

_L  =  _?L  x  ill.1- 

97-5        100       94-3' 

.  •  .  x  —  96-72. 

Ansiver.  —  96*72  per  cent,  conductivity. 
Example  46.  —  What  will  be  the  resistance  at  37°C. 
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of  a  copper  wire  20  metres  long,  weighing  12  grammes, 
and  having  92  per  cent,  of  the  conductivity  of  pure 
annealed  copper  according  to  Matthiessen's  standard  ] 

Answer. — 5-04  ohms. 

89.  Comparison  of  Electric  and  Heat  Conductivities. 
—The  reciprocals  of  the  numbers  given  in  column  4  of 
Table  No.  VII.,  page  259,  will  express  the  relative 
electric  conductivities  of  the  metals  for  the  same  length 
and  sectional  area.  These  numbers  are  given  in  column 
2  of  Table  No.  XI.,  the  electric  conductivity  of  silver 
being  called  100.  On  comparing  these  with  the  con- 
ductivities of  the  metals  for  heat  for  the  same  length 
and  sectional  area  as  given  in  column  3  of  Table  No. 
XI.,  which  are  the  numbers  obtained  by  Wiedemann 
and  Franz,  we  observe  that  the  metals  arrange  them- 
selves approximately,  but  not  absolutely,  in  the  same 
order  for  the  two  conductivities. 


TABLE    XL 
APPROXIMATE  RELATIVE  CONDUCTIVITIES  PER  CUHIC  UNIT. 


Name  of  Metal. 

Electric. 

Heat. 

Silver,  annealed  . 

100 

100 

Copper,       „ 
Gold, 

94-1 
73 

74-8 
54-8 

Platinum 

16-6 

9-4 

Iron    ... 

15-5 

10-1 

Tin,  pressed     -    . 

11-4 

15-4 

Lead 

7-6 

7-9 

Bismuth 

1-1 

1-8 

If,  however,  we  experiment  with  worse  and  worse 
conductors,  we  find  that  the  electric  conductivity  di- 
minishes much  more  rapidly  than  the  heat  conductivity. 
For  example,  the  electric  conductivity  of  copper  is  about 
1020  times  the  conductivity  of  vulcanised  indiarubber, 
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whereas  the  heat  conductivity  of  copper  is  only  about 
10 *  times  that  of  vulcanised  indiarubber.  Hence,  while 
we  can  obtain  insulators  for  electricity,  or  bodies  which 
relatively  to  the  metals  do  not  practically  conduct  elec- 
tricity at  all,  insulators  for  heat  are  unknown. 


Fig.  134.— Standard  Resistance  Coil. 


90.  Standard  Resistance  Coil. — A  resistance  coil, 
when  used  as  an  accurate  standard,  is  wound  inside  a 
bras?  box,  B  (Fig.  134),  which  is  inserted  in  a  vessel  of 
water,  v  v,  and  the  temperature  of  the  water  is  accurately 
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noted  by  means  of  the  thermometer  t.  The  hollow 
cylindrical  brass  box  B,  which  holds  the  coil,  is  made  of 
large  diameter  outside  and  inside,  so  as  to  expose  as 
much  surface  as  possible  to  the  water  in  order  that  the 
coil  inside  may  acquire  the  temperature  of  the  water  as 
quickly  as  possible.  It  is  desirable  to  provide  a  stirrer 
for  agitating  the  water  and  bringing  it  all  to  one 
temperature  ;  and  if  water  hotter  or  colder  than  the 
room  is  employed,  the  height  of  the  brass  box  may  well 
be  made  much  less  than  in  the  figure,  and  the  bulb  of  the 
thermometer  supported  exactly  at  the  same  level  as  the 
box  to  avoid  the  risk  uf  different  horizontal  layers  of  the 
water  being  at  different  temperatures,  and  the  mean 
temperature  of  the  coil  not  being  that  of  the  layer  round 
the  bulb  of  the  thermometer.  The  vessel  v  v  may  with 
advantage  have  double  sides,  with  an  air-space  between 
them,  as  seen  in  the  figure,  to  prevent  transference  of 
heat  between  the  water  and  the  outside  space. 

The  tubes  T,  T  are  to  prevent  the  coil  being  short- 
circuited  by  water  getting  into  the  holes  through  which 
the  rods  w,  w,  attached  to  the  ends  of  the  coil,  are 
brought  out.  These  tubes  are  made  of  brass,  but  they 
are  lined  with  tubes  of  ebonite  to  prevent  electric  con- 
tact between  these  brass  tubes  and  the  rods  w,  w. 
Electric  connection  with  these  rods  is  made  by  dipping 
their  ends  E,  E  into  little  cups  containing  clean  mercury. 

91.  Construction  of  Plug  Resistance  Boxes.— 
Although  it  is  theoretically  possible,  with  a  wire  bridge 
such  as  is  illustrated  in  Figs.  126  and  127,  pages  246  and 
248,  to  compare  any  resistance,  however  large  or  small, 
with  a  standard  ohm,  there  is  a  practical  limit  to  the  range 
of  resistances  that  can  be  compared  with  a  single  standard 
coil  by  using  a  Wheatstone's  bridge.  For  if  the  ratio  of 
the  proportional  arms  c  and  d  (Fig.  123,  page  242)  be 
very  far  from  unity,  tests  made  with  the  bridge  become 
very  unsensitive — that  is  to  say,  a  considerable  difference 
between  the  values  of  the  ratios  of  a  to  b  and  of  c  to  d 
will  cause  but  a  small  current  to  pass  through  the 
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galvanometer,  unless    tlie    battery    be    very    large.       In 

c 
finding  the  resistance  a  from  the  equation  a  —  b  X  -j,  it  is 

better,  therefore,  to  make  the  ratio  of  c  to  d  not  greater 
than  about  100  or  less  than  about  j^th,  and  to  obtain 
balance  by  varying  the  value  of  b. 

For   this   purpose   it   is  convenient  to  use  for  b  a 
"  resistance   box "    such    as   is   seen    in    perspective    in 

Fig.  140,  page  288, 
and  in  section  in 
Fig.  135.  And  when 
measuring  a  resist- 
ance by  means  of  the 
simple  substitution 
method  (§  73,  page 
235),  and  when  using 
a  differential  galvano- 
meter (§74,  page  238) 
to  measure  a  variety 
of  unknown  resist- 
ances, a  set  of  coils 
of  known  resistances 
is  indispensable. 

A  resistance  box 
contains  coils  of  wire, 

w1  (Fig.  135),  <kc.,  wound  on  wooden,  or  ebonite,  bobbins, 
B,  &c.  The  ends  of  these  coils  are  soldered  to  stiff  wires, 
w,  which  again  are  fastened  to  the  brass  pieces  c1,  c2,  c3, 
&c.,  the  latter  being  screwed  to  the  wooden  or  ebonite  top, 
E  E,  of  the  resistance  box.  When  a  plug  p2  is  inserted 
tightly  between  the  contact  pieces  c2  and  c3,  the  current 
flows  along  the  short  path  c2  P2  c3  across  the  metal  plug, 
and  practically  none  of  it  passes  through  the  wire  wound 
on  the  bobbin  w2.  If,  however,  a  plug  P1  be  withdrawn, 
then  all  the  current  passes  through  the  coil  w1,  and  none 
across  the  space  separating  c1  and  c2.  Hence  by  taking 
out  one  or  more  plugs  the  resistance  offered  to  the  flow 
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Fig.  135.— Interior  of  a  Resistance  Box. 
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of  current  may  be  increased  at  will,  and  the  strength  of 
the  current  decreased.  The  brass  pieces  c1,  c2,  c3,  are 
undercut,  as  seen  in  the  figure,  so  that  a  strip  of  clean 
wash-leather  can  be  inserted  between  them  and  the 
ebonite  cleaned. 

If  the  ebonite  between  the  brass  pieces  were  left 
dirty,  there  would  be  leakage  of  the  electricity  across  the 
film  of  dirt  when  the  plug  was  removed,  and  the  resist- 
ance between  two  of  the  brass  pieces  would  be  a  little 
less  than  that  of  the  coil  of  wire  connecting  them. 

The  value  of  each  coil  is  clearly  marked  on  the  out- 
side of  the  box,  so  that  the  number  adjacent  to  each  plug 
indicates  the  resistance  which  is  put  in  the  circuit  when 
the  plug  is  taken  out.  The  brass  plugs  and  the  holes 
into  which  they  fit  are  made  conical,  and  the  plugs 
should  be  well  ground  into  the  holes  during  manufacture. 
To  prevent  a  resistance  being  introduced  between  the 
plug  and  the  two  pieces  of  brass  on  each  side  of  it,  a 
good  contact  is  necessary ;  and  to  ensure  this,  a  plug, 
when  put  into  the  hole,  should  receive  a  slight  downward 
screwing  motion,  when  it  will  be  found,  with  well-made 
plugs,  that,  although  there  is  no  screw-thread  on  the  plug, 
the  plug  can,  as  it  were,  be  screwed  into  the  hole,  so  that 
even  the  whole  resistance  box  may  be  easily  lifted  up  by 
taking  hold  of  one  plug  after  it  has  properly  been  put 
in.  Such  closeness  of  contact  it  would  be  extremely 
difficult  to  secure  by  simply  pressing  down  the  plug, 
unless  a  large  downward  pressure  were  employed  and  a 
corresponding  tugging  when  taking  it  out,  which  would 
soon  wrench  off  the  ebonite  head.  The  ebonite  heads 
are  usually  screwed  on  to  the  tops  of  the  brass  plugs  ; 
but  to  prevent  the  head  unscrewing  in  use,  a  pin  should 
always  be  driven  through  the  ebonite  top  and  the  head 
of  the  brass  plug  after  they  have  been  fitted  together. 

The  holes  in  the  figure,  seen  in  the  brass  pieces  them- 
selves (Fig.  137,  page  284),  may  be  used  for  holding  the 
plugs  when  they  are  not  placed  between  the  pieces  of 
brass  to  short-circuit  the  intervening  coil :  but  this  use  of 
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the  holes  in  the  brass  pieces  cannot  be  recommended,  since, 
when  the  resistances  corresponding  with  the  holes  that 
are  unplugged  are  being  rapidly  counted,  a  plug  stuck  in 
one  of  the  pieces  of  brass  is  liable  to  be  mistaken  for  a 
plug  between  two  pieces  of  brass,  and  hence  coils  which 
are  actually  in  circuit  are  liable  to  be  missed  out  in  the 
counting  up.  Further,  unless  the  pieces  of  brass  are 
very  large,  the  ebonite  head  of  a  plug  stuck  into  one  of 
them  prevents  the  next  plug  being  properly  inserted  or 
easily  removed,  when  the  resistance  of  the  next  coil  is  to 
be  subtracted  from,  or  added  to,  the  resistance  in  circuit. 

The  temperature  of  the  coils  of  a  resistance  box  is 
liable  to  change — first,  from  variation  of  the  temperature 
of  the  room  in  which  the  box  is  placed  ;  secondly,  from 
the  resistance  box  being  used  in  rooms  of  different 
temperature;  and,  thirdly,  on  account  of  the  slight 
heating  of  a  coil  of  wire  which  is  produced  even  by  a 
weak  current  passing  through  it.  Further,  it  is  very 
difficult  to  measure  the  exact  temperature  of  the  coils  by 
putting  a  thermometer  into  the  box  :  for,  although  the 
thermometer  may  correctly  measure  the  temperature  of 
the  air  inside  the  box,  it  is  quite  possible  to  have 
a  considerable  difference  between  the  temperature  of  a 
mass  of  tightly  wound  silk-covered  wire  and  the  air 
surrounding  it,  since  the  temperature  of  the  former 
varies  very  slowly. 

In  order,  therefore,  that  the  resistances  of  the  coils 
may  be  known,  it  is  necessary  that  the  wire  used  in 
winding  them  should  be  composed  of  a  metal  whose 
variation  with  temperature  is  very  small.  Resistance 
coils  are,  therefore,  always  constructed  of  either  German 
silver,  platinum-silver,  platinoid,  or  manganin  wire. 

92.  Mode  of  Winding  Resistance  Coils,  and  Gauge 
of  Wire  Employed. — Not  only  must  a  special  metal  be 
employed  in  making  resistance  coils,  but  the  wire  must 
not  be  wound  on  the  bobbin  in  the  ordinary  way.  If  it 
were  wound  as  cotton  is  on  a  reel,  then  each  bobbin  in  a 
resistance  box  would  act  as  a  magnet  when  a  current 
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passed  through  it,  and  a  box  full  of  electromagnets 
would  be  a  most  inconvenient  thing  to  have  near  a 
delicate  galvanometer  used  in  testing  resistances,  since 
the  tester  would  be  constantly  in  doubt  as  to  whether  the 
deflection  observed  when  putting  on  the  current  was  due 
to  want  of  adjustment  in  the  resistance  or  to  the  temporary 
magnetisation  of  the  adjacent  resistance  box.  Hence 
the  silk-covered  wire  of  a  resistance  coil  is  wound  back 
on  itself  as  shown  in  Fig.  135,  so  that  the  current,  in 
passing  through  the  wire,  first  goes  several  times  round 
the  bobbin  in  one  direction  and  then  an  equal  number  of 
times  back  again  in  the  opposite  direction,  so  that  the 
two  magnetic  effects  neutralise  one  another. 

The  disturbing  magnetic  effect  that  might  otherwise 
have  arisen  when  using  resistance  coils  is  overcome  by 
this  double  mode  of  winding  ;  but  the  magnetic  action 
of  a  current  passing  round  an  ordinary  reel  of  wire,  or  a 
coil  wound  for  a  galvanometer  or  for  an  electromagnet, 
&c.,  which  cannot,  of  course,  be  doubly  wound,  must  be 
carefully  taken  into  consideration  when  anything  of  this 
form  has  to  be  tested  for  resistance.  As  such  coils  have 
to  be  tested  after  being  wound,  they  must,  when  it  is 
desired  to  test  them,  be  placed  so  far  away  from  the 
galvanometer,  or  in  such  a  position  relatively  to  the 
galvanometer,  that  the  mere  passage  of  the  current 
round  the  coil  produces  by  itself  no  direct  action  on  the 
galvanometer  needle  when  no  current  is  allowed  to  pass 
through  the  galvanometer  itself. 

When  a  resistance  coil  has  to  carry  a  large  current, 
the  heat  produced  by  the  current  can  be  more  easily 
dissipated,  and  an  excessive  rise  of  temperature  avoided, 
by  using  coils  of  uncovered  wire  hanging  freely  in  the 
air.  To  use  coils  doubly  wound  like  those  seen  in 
Fig.  135  would  be  very  difficult  with  bare  wires  hanging 
in  the  air,  for  there  would  be  great  danger  of  the 
convolutions  of  bare  wire  which  constitute  one  half  of 
the  coil  touching  those  of  the  other  half.  If  this 
occurred,  the  resistance  of  the  coil  would  be,  of  course, 
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altered,  and,  in  addition,  since  the  potentials  of  the 
adjacent  parts  of  the  two  halves  where  the  current  enters 
and  leaves  the  coil  would  differ  considerably  if  the 
current  were  strong,  there  would  be  considerable  risk  of 
sparking  if  a  contact  occurred. 

To  overcome  this  difficulty,  and  still  to  obtain  a 
magnetic  balance,  the  following  arrangement,  due  to 
Mr.  Mather  and  the  author,  and  seen  in  Fig.  136,  may 
be  employed.  Each  bobbin  con- 
sists of  two  spirals,  of  the  same 
resistance  and  containing  the  same 
number  of  convolutions,  joined  up 
in  parallel,  but  one  coil  is  wound 
right-handed  fashion  and  the  other 
left-handed.  The  current,  there- 
fore, divides  into  two  equal  parts, 
which, 'circling  round  the  two  coils 
in  opposite  directions,  balance  one 
another's  magnetic  effects.  With 
this  device  the  points  of  the  two 
ml  coils  which  are  adjacent  have  prac- 


Fig.  136.  — Ayrtoi 
Mather's  Non-i 
ive  Resistance  Coil  for 


Mather's  Son-induct-     tically  the  same  potential ;  therefore 


Large  Currents.  no  serious    change    will  be  caused 

in  the  parallel  resistance,  nor  will 

injurious   sparking    occur   if   by    chance   the   two   coils 
swing  into  contact. 

The  selection  of  the  gauge  of  wire  to  be  used  in 
winding  a  coil  which  is  to  have  a  particular  resistance 
depends  on  the  current  the  coil  has  to  carry  without 
heating,  the  accuracy  with  which  the  resistance  has  to 
be  adjusted,  and  the  price  to  be  charged  for  the  coil. 
That  a  coil  having  a  particular  resistance  will  be  the 
more  expensive  the  larger  the  diameter  of  the  wire,  is 
clear,  for,  since  the  resistance  of  a  wire  is  proportional  to 
its  length  and  inversely  as  the  square  of  its  diameter, 
the  greater  the  cross-section  of  the  wire  the  greater  must 
be  its  length,  and  hence  the  weight  of  metal  required 
for  a  given  resistance  will  be  proportional  to  the  cube  of 
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the  diameter  of  the  wire  employed.  More  silk  will  also 
be  employed  in  insulating  a  long  thick  wire  than  a  short 
thin  one.  If,  however,  the  surface  of  the  wire  be 
exposed  to  the  cooling  action  of  the  air,  as  in  Fig.  136, 
the  rise  of  temperature  of  the  long  thick  wire  traversed 
by  a  given  current  will  be  less  than  that  of  a  short  thin 
wire  of  the  same  resistance.  And,  lastly,  as  the  final 
adjustment  of  the  resistances  of  the  coils,  seen  in 
Fig.  135,  is  effected  by  sliding  the  bare  end  of  the 
wire  of  a  coil  over  the  end  of  the  stiff  wire  w  while 
the  solder  connecting  the  two  is  hot  and  melted, 
and  since  a  given  alteration  in  the  length  of  a  long 
thick  wire  produces  a  less  change  in  the  resistance 
than  the  same  change  in  the  length  if  the  wire  be 
thin,  coils  wound  with  thick  wire  can  be  more  exactly 
adjusted  than  if  wound  with  a  thin  wire  so  as  to  have 
the  same  resistance. 

93.  Values  of  Coils  for  Resistance  Boxes  and  for 
Commercial  Wheatstone's  Bridges. — Two  things  have 
to  be  considered  in  deciding  on  the  values  that  should  be 
given  to  the  coils  respectively  of  a  resistance  box — the 
first,  what  is  the  maximum  resistance  it  is  required  that 
the  box  should  possess  when  all  the  plugs  are  .withdrawn] 
secondly,  how  many  coils  is  the  box  to  contain  1  If,  for 
example,  a  total  resistance  of  100  ohms  be  desired  and 
the  box  is  to  contain  twelve  coils,  it  will  be  found 
convenient  to  wind  the  coils  so  that  they  have  the 
following  resistances  respectively  : — O'l,  0'2,  0*2,  0'5,  1, 
1,  2,  5,  10,  10,  20,  and  50  ohms,  since  with  these  twelve 
coils  any  resistance  between  O'l  ohm  and  100  ohms  can 
be  obtained  with  an  accuracy  of  O'l  ohm.  For  example, 
37'6  ohms  would  be  made  up  by  unplugging  the  1st,  4th, 
7th,  8th,  10th,  and  llth  coils,  or  by  unplugging  the  1st, 
4th,  5th,  6th,  8th,  9th,  and  llth  coils. 

The  addition  of  four  more  coils  of  100,  100,  200,  and 
500  ohms  respectively  to  the  preceding  twelve  will 
enable  any  resistance  between  O'l  and  1,000  ohms  to  be 
built  up  with  an  accuracy  of  01  ohm.  Similarly  the 
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addition  of  four  more  coils  of  1,000,  1,000,  2,000,  and 
5,000,  making  twenty  in  all,  extends  the  range  from 
0-1  ohm  to  10,000  ohms. 

If,  however,  the  box  is  to  be  used  with  a  Wheat- 
stone's  bridge,  a  resistance  much  smaller  than  the  smallest, 
or  much  larger  than  the  largest,  resistance  in  the  box 
can  be  measured  by  making  the  ratio  of  the  proportional 


Fig.  137.— Top  of  a  Commercial  Wheatstone's  Bridge. 

arms  unequal.  Hence  resistances  of  a  small  fraction  of  an 
ohm,  or  of  hundreds  of  thousands  of  ohms,  can  be  measured 
with  more  or  less  accuracy  by  comparing  them  with  a 
resistance  box  which  does  not  contain  coils  either  of  a  very 
small  or  of  a  very  large  resistance.  But  as  already  ex- 
plained in  §  91,  page  277,  there  is  a  practical  limit  to  the 
inequality  that  can  be  given  to  the  arms  of  a  bridge  if 
the  measurements  are  to  be  accurate.  Hence  the  values 
of  the  resistance  coils  in  commercial  bridges  are  frequently 
those  shown  in  Fig.  137,  the  proportional  arms  consisting 
of  two  10-ohm,  two  100-ohm,  and  two  1,000-ohm  coils, 
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while  the  comparison  coils  have  resistances  of  1,  2,  2,  5, 
10,  10,  20,  50,  100,  100,  200,  500,  1,000  1,000,  2,000, 
and  5,000  ohms  respectively.  With  this  arrange- 
ment resistances  between  n^  of  an  ohm  and  1,110,000 

ohms  can  be  measured  with  a  galvanometer  of  sufficient 
sensibility. 

For  the  sake  of  ease  in  calculation,  it  is  usual  to 
employ  only  one  of  the  coils  in  each  half  of  the  propor- 
tional arms  at  a  time,  so  that  in  practice  the  ratios  used  are 
10  100  1000  _KL  J^  100  100  1000  1000 

10'  Too'  Tooo'  Too'  Tooo'  To'  1000'  10  '  Too"'  and  the 
range  of  resistance  that  can  be  tested,  lies  between 
O'Ol  ohm  and  1,000,000  ohms.  Having  decided  on  the 
particular  ratio  to  be  employed,  the  particular  pair  of 
proportional  coils  that  should  be  selected  to  produce  this 
ratio  and  produce  the  greatest  sensibility  depends  on  the 
approximate  value  of  the  unknown  resistance.  For 
example,  if  equal  arms  are  to  be  used  and  the  unknown 
resistance  is  about  130  ohms,  use  the  two  100-ohm,  and 
not  the  two  10-  nor  the  two  1,000-ohm  proportional  coils. 
Again,  if  the  unknown  resistance  is  of  the  order  400 
ohms  and  the  true  resistance  is  desired  to  the  first 
decimal  place,  a  ratio  of  yV^n  must  of  course  be  em- 
ployed, and  this  ratio  should  be  produced  by  means  of 
the  100-  and  the  1,000-ohm  proportional  coils  rather 
than  by  means  of  the  10-  and  the  100-ohm  pair.  Or 
generally  the  greatest  sensibility  will  be  obtained  when  the 
four  arms  of  the  bridge  are  as  nearly  equal  as  is 
consistent  with  the  ratio  adopted. 

94.  Portable  Forms  of  Wheatstone's  Bridge.— 
When  a  Wheatstone's  bridge  has  to  be  carried  about,  it 
is  convenient  to  have  the  battery  and  the  galvanometer 
keys  permanently  attached  to  the  box  containing  the 
comparison  and  the  proportional  coils.  Such  a  com- 
bination is  seen  in  Fig.  138,  which  represents  the 
arrangement  called  a  "Post  Office  Bridge" 

Occasionally  the    battery  and    galvanometer  are  in 
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Kg.  138.— Post  Office  Wheatstone's  Bridge. 


.___ 
Fig.  139.— Portable  Wheatstone's  Bridge. 
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addition  attached  to  the  resistance  box  so  that  the 
comparison  coils,  proportional  coils,  keys,  battery,  and 
galvanometer,  all  form  one  piece  of  apparatus  (Fig. 
139).  Hence,  the  only  connection  that  has  to  be 
made  when  a  resistance  has  to  be  measured  is  joining 
the  two  ends  of  the  unknown  resistance  to  the  ter- 
minals T,  T. 

The  portable  bridge  seen  in  Fig.  139  is  intended  for 
the  measurement  of  a  small  range  of  low  resistances. 
There  are,  therefore,  only  two  proportional  coils  of  equal 
value — viz.,  10  ohms,  contained  inside  the  box,  and  the 
comparison  coils  have  the  values  O'Ol,  OO2,  O02,  0'05, 
0-1,  0-1,  0-2,  0-5,  1,  1,  2,  5,  10. 

When  the  battery  is  exhausted  the  cells  can  be 
withdrawn,  by  opening  the  door,  D,  refilled  and  used 
again. 

95.  Calibrating  a  Galvanometer  by  using  Known 
Resistances  and  a  Constant  P.D. — From  Ohm's  law  it 
follows  that  if  a  constant  P.D.  be  maintained  between  the 
ends  of  any  circuit,  the  current  passing  through  the  circuit 
is  inversely  proportional  to  its  resistance.  In  §  159,  page 
522,  it  will  be  seen  that  if  the  ends  of  the  circuit  be  joined 
to  the  terminals  of  a  galvanic  cell  of  very  low  internal 
resistance  compared  with  that  of  the  circuit  itself,  a 
constant  P.D.  will  be  automatically  maintained.  Conse- 
quently, if  the  terminals  of  the  apparatus  shown  in 
Fig.  140  (one  terminal  T  only  being  actually  seen  in  the 
figure)  be  connected  with  a  cell  of  very  low  internal 
resistance,  the  current  passing  through  the  galvanometer 
or  detector  D  will  be  inversely  proportional  to  the  sum 
of  the  resistances  of  the  key  K,  the  detector  D,  and  the 
resistance  box  R. 

Now  the  resistance  of  the  key  K  will  be  ex- 
tremely small  when  the  spring  is  .depressed;  if  the 
platinum  contact  points  be  clean.  These  can  be  best 
cleaned  by  inserting  a  piece  of  ordinary  paper  between 
them,  pressing  down  the  spring,  and  pulling  away  the 
paper  while  the  points  are  pressed  together.  Neither 
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emery  nor  glass-paper  should  be  used,  as  it  rubs 
away  the  platinum,  and  still  less  should  the  contacts  be 
scraped  with  a  knife  or  a  file.  The  resistance  of  the 
galvanometer  D  is  a  constant,  say  g  ohms,  and  the 
resistance  of  the  box  R  may  be  made  to  have  different 
values. 

First  unplug  such  a  resistance  rx  ohms  in  the  box 
that  the  deflection  of  the  galvanometer  is  d^,  which  may 


Fig.  140.— Calibrating  a  Galvanometer  by  using  Known  Resistances. 

conveniently  be  made  about  10°.     Next  unplug  such  a 
resistance  r%  ohms  that 


or 

and  let  the  deflection  now  be  e/2°.  Then,  since  the 
resistance  in  circuit  has  been  halved  and  the  P.D.  has 
remained  constant,  the  deflection  d.2°  corresponds  with 
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twice  the  current  that  produced  the  deflection  c?1°. 
Similarly,  if  we  unplug  a  resistance  r.6  ohms  such  that 

3  ~~  3  \  i      y  / 

and  obtain  a  deflection  c?3°,  this  deflection  will  correspond 
with  three  times  the  current  that  produced  the  first 
deflection  e^0,  &c.  In  this  way  a  series  of  deflections 
can  be  obtained  corresponding  with  currents  proportional 
to  1,  2,  3,  4,  &c.,  and  a  relative  calibration  curve  can  be 
drawn  :  and  then,  if  desired,  a  scale  may  be  constructed 
for  the  galvanometer,  in  accordance  with  the  method 
descrioed  in  §  15,  page  58;  by  means  of  which  the  relative 
strengths  of  currents  can  be  read  off'  at  once. 


SHUNTS. 

96.  Shunts. — We  have  already  seen  (§29,  page  110), 
when  calibrating  a  galvanometer  by  comparing  it  with  a 
standard  galvanometer,  and 
again  when  using  a  Wheat- 
stone's  bridge  (Fig.  1 28,  page 
251),  that  it  is  sometimes 
convenient  to  employ  a  by- 
path, or  shunt,  to  convey 
a  portion  of  the  current, 
so  that  the  current  passing 
through  the  galvanometer  is 
less  than  the  current  in  the  Fig.  HI. 

main  wires  connected  with  it. 

We  will  now  consider  what  must  be  the  relative  re- 
sistances of  the  shunt  and  galvanometer  to  allow  any 
particular  fraction  of  the  whole  current  to  pass  through 
the  galvanometer. 

Let  g  be  the  resistance  of  a  galvanometer,  s  that  of 
the  wire  shunting  it,  and  let  V  be  the  P.D.  between  the 
terminals  of  the  shunted  galvanometer  which  is  joined 
to  the  mains  Mt  and  M2  (Fig.  141).  Then  if  G  and  S  be 

K 
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the  currents  that  pass  respectively  through  the  galvano- 
meter and  shunt,  -- 


G 


or  the  currents  in  the  galvanometer  and  shunt  bear  to  one 
another  the  inverse  ratio  of  the  resistances. 

Also,  by  a  well-known  rule  of  proportion,  it  follows 
that 


G  +  S  "  g  +  s 

S  g 

and     -  -  =  —  -  —  . 

G  +  S     g  +  » 

but  G  +  S,  the  sum  of  the  currents  flowing  through 
galvanometer  and  the  shunt  respectively,  is  equal  to  the 
current  M  in  the  mains  Mx  or  M2,  hence 

_G  m         s 
M  ~~  g  +  V 

j      S  a 

and      —  =  —  "  —  , 
M       g  +  s' 

or  the  current  in  either  branch  bears  to  the  whole  current 
the  ratio  of  the  resistance  of  the  other  branch  to  the  sum 
of  the  resistances  of  the  two  branches. 

97.  Multiplying  Power  of  a  Shunt.—  Since 

M  =  L±±  x  G, 

S 

the  fraction  —     -  is  frequently  called  the  "  multiplying 
s 

power  of  the  shunt"  —  that  is,  the  quantity  that  the 
current  flowing  through  the  galvanometer  must  be 
multiplied  by  to  obtain  the  total  current,  or  current  in 
the  main. 
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As  an  example  of  the  last  equation,  let  us  suppose 
that  we  desire  that  G  shall  be  one -tenth  of  M ;  then 

s  J_ 

g  -H  s  ~  10' 


or  generally,  if  we  desire  that  -th  of  the  whole  current 

n 

shall  pass  through  the  galvanometer, 

_8        ._    1 

g  +  s       n 
1 


or  s  — 


n  —  I 

Example  47.  — A  galvanometer  of  2,572  ohms'  resistance 
is  shunted  with  a  resistance  of  285*8  ohms.  What  fraction 
of  the  main  current  passes  through  the  galvanometer? 

G  s  285-8          1 

Answer. — —  — z=  =  — 

M       g  4-  s       2857-8        10* 

Example  48. — A  galvanometer  has  5,461  ohms' 
resistance.  What  must  be  the  resistance  of  the  shunt 
in  order  that  T^oth  of  the  main  current  may"  pass 
through  the  galvanometer  ? 

Answer. — —  - — ,  therefore  s  —  55-16  ohms 

5461  4-  s        100 

Example  49. — A  galvanometer  and  its  shunt  are 
both  wound  with  copper  wire.  The  multiplying  power 
of  the  shunt  is  100  when  the  temperatures  of  the  galvano- 
meter and  of  the  shunt  coils  are  the  same.  What  is 
the  multiplying  power  when  the  temperature  of  the 
galvanometer  coils  is  5°C.  above  that  of  the  shunt  ? 

Answer.— 101-98. 

98.  Combined  or  Parallel  Resistance. — It  would  be, 
of  course,  possible  to  substitute  for  the  two  resistances 
g  and  s,  which  are  in  parallel  (Fig.  141),  a  single  wire  of 
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resistance  x  such  that  for  the  same  potential  difference, 
V,  between  its  terminals,  the  current  flowing  through  it 
should  be  equal  to  the  sum  of  the  currents  flowing 
through  the  two  parallel  circuits. 

Such  a  resistance  x  is  called  the  "  combined  resist- 
ance" or  the  " parallel  resistance  "  of  the  circuits. 

To  find  x  we  have : — 

•y 

the  current  that  would  flow  through  x  =  — , 

•£ 
•y 

the  current  flowing  through  g  =  — , 

9 

the  current  flowing  through  s  =  -. 

s 

And  since,  by  hypothesis,  the  first  current  is  equal  to 
the  sum  of  the  two  latter — 

v  =  y     v 

1c  ~  g        7 

1         1          1 

or  _=_+_, 

x         g         s 

therefore  the  conductivity  (see  §88,  page  274)  of  the 
equivalent  conductor  is  equal  to  the  sum  of  the  con- 
ductivities of  the  two  branch  circuits. 

From  the  last  equation  it  follows  that 


x  = 


9s 


9  +  « 

or  the  combined  resistance  of  two  conductors  in  parallel 
is  equal  to  the  product  of  the  resistances  divided  by 
their  sum. 

Hence,  for  example,  when  s  is  made  equal  to  £  g,  so 
that  G,  the  current  in  the  galvanometer,  is  one-tenth  of 
M,  the  current  in  the  mains  — 


or  the  parallel  resistance  of  the  galvanometer  and  shunt 
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is,  in  this  case,  equal  to  one-tenth  of  that  of  the  galvano- 
meter alone. 

In  the  same  way,  if  there  be  any  number  of  resist- 
ances, a,  b,  c,  d,  &c.,  in  parallel  (Fig.  142),  and  x  be  a 
single  resistance,  such  that  with  the  same  potential  differ- 
ence at  its  terminals  the  current  that  will  flow  through  x 


aA. 


Fig.  142.—  Branch  Circuits  in  Parallel. 

is  equal  to  the  sum  of  the  currents  that  flow  through  all 
the  resistances  a,  b,  c,  d,  etc.,  it  follows  that 


x        a        b        c        a 

or  the  conductivity  of  the  equivalent  conductor  is  equal  to 
the  sum  of  the  conductivities  of  all  the  branch  circuits  ; 


and  x  = 


+  + 


For  experiments  on  the  combined  resistance  of  branch 
circuits  in  parallel,  four,  or  more,  coils  of  wire  may  be 
conveniently  wound  in  grooves  turned  on  a  wooden 
bobbin,  as  seen  in  Fig.  143,  one  end  of  each  coil  being 
connected  with  the  binding  screw  Sj,  and  the  other  ends 
respectively  with  the  small  brass  mercury  cups  c^  C2,  C3, 
and  C4,  as  indicated  symbolically  by  the  zigzag  lines 
marked  on  the  face  of  the  bobbin.  The  brass  piece  R  R, 
to  which  the  binding-screw  S2  is  attached,  has  small 
holes  drilled  in  it,  and  into  each  of  these  holes  a  drop 
of  mercury  is  poured,  so  that,  by  inserting  one  or  more 
of  the  wire  bridge  pieces  BJ,  B2,  B3,  B^  into  the  pair 
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of  mercury  cups,  any  one  of  the  coils  can  be  inserted 
alone  between  the  binding  screws  s,  and  S2,  or  any  two 
or  more  coils  ran  be  joined  up  in  parallel.  Then,  by 
measuring  the  resistance  of  each  of  the  separate  coils, 
and  of  the  coils  joined  up  in  various  ways  in  parallel, 
the  formula  given  above  can  be  experimentally  verified. 


Fig.  143.— Set  of  Four  Coils  used  for  Testing  the  Resistance  of  Branch 
Circuits  in  Parallel. 

Example  50. — Resistances  of  25,  32,  17,  and  40  ohms 
are  put  in  parallel  with  one  another.  What  is  the  com- 
bined resistance  ? 

I  =  i  +  ^2  +  IT  +  ro  • '  •  *  = 6'4  ohms- 

Answer. — 64  ohms. 

Example  51. — A  coil  of  wire  has  1,125  ohms'  resist- 
ance. What  resistance  placed  in  parallel  with  it  will 
make  the  combined  resistance  1,000  ohms  ? 

Answer. — 9,000  ohms. 

Example  52. — The  wire  of  a  resistance  coil  has 
10,000  ohms'  resistance,  but  the  surface  of  the  ebonite 
between  the  terminals,  having  been  imperfectly  cleaned, 
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has  a  resistance  of  only  870,000  ohms.     What  is  the 
combined  parallel  resistance  between  the  terminals  ? 

Answer. — 9,886  ohms. 

99.  Currents  in  Parallel  Conductors.— If  A,  B,  C,  D, 
&c.,  be  the  currents  in  the  various  branch  circuits 
(Fig.  142),  and  M  be  the  current  in  the  main,  we  have 


0         £ 

^     i 

D   ~~  i 
&c.  ; 

A 


&C.          l-  +  i  +  l-  +  ^  +   <fec. 


A 

or  = 


c     '     d 
1 


Similarly'  1    =   +  + 


Example  53.  —  Resistances  of  12,  7,  2,  and  30  ohms 
are  placed  in  parallel  with  one  another,  and  a  current  of 
10  amperes,  as  measured  by  an  ammeter  in  the  main 
circuit,  passes  through  the  combination.  What  are  the 
currents  in  the  respective  brandies  ? 

Answer.—  1-097,  1-881,  6-583,  and  0*439  amperes 
respectively. 

100.  Usual  Method  of  Constructing  a  Shunt  Box.— 
The  three  coils,  having  respectively  the  -J-th,  ¥V^n'  an(^ 
¥Jgth  of  the  resistance  of  the  galvanometer,  are  usually 
inserted  in  a  small  box  b  (Fig.  144),  which  accompanies^ 
the  galvanometer.  The  terminals  of  the  galvanometer, 
as  well  as  the  two  wires  which  connect  the  galvanometer 
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with  the  rest  of  the  circuit,  are  joined  to  the  binding 
screws  s,  s  on  the  shunt  box,  and  each  of  the  three  shunt 
coils  has  one  of  its  ends  connected  with  the  brass  piece  C, 
while  the  other  ends  are  connected  respectively  with  the 
brass  pieces  D,  E,  and  r,  as  indicated  symbolically  in 

Fig.  145.  If, 
then,  the  brass 
plug  P'  be  in- 
serted in  the 
hole  between 
the  brass  bar 
A  B  and  the 
brass  piece  c, 
all  the  cur- 
rent will  pass 
from  AB  to  C, 
through  the 
plug,  and  prac- 
tically none 
will  pass 
through  the 
galvanometer, 
since  the  re- 
sistance of  the 
path  from  AB 
to  c  through 
the  plug  is  ex- 
tremely small 
compared  with 
that  through 
the  galvano- 
meter. If,  on  the  other  hand,  the  plug  be  inserted 
in  the  hole  between  A  B  and  D,  as  in  Fig.  144,  the 
current  will  pass  from  A  B  to  D  through  the  plug,  and 
from  D  to  c  through  the  coil  in  the  shunt  box,  which 
connects  with  c.  And  as  this  coil  has  ith  of  the  resist- 
ance of  the  galvanometer,  TVfch  of  the  total  current  will 
pass  through  the  galvanometer.  Similarly,  if  the  plug 


144.— High  Insulation  Shunt  Box. 
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Fig.  145.— Top  of  Shunt  Box, 
showing  Parallel  Arrange- 
ment of  Shunts. 


be  inserted  in  the  hole  between  A  B  and  E  or  in    the 

hole  between  A  B  and  F,  T^th  or  -j^J-^th  of  the  whole 

current    will    pass   through   the 

galvanometer. 

Instead  of  employing  three 

coils    whose   resistances   respec- 
tively are  ^th,  ¥Vth,  and  -g-^th 

of  that  of  the  galvanometer,  and 

joining  one  end  of  each  of  these 

coils  to  the  brass  piece  c,   the 

coils  may  be  joined  up  in  series 

between  the  brass  pieces  c  and 

D,  D  and  E,  E  and  F  respectively, 

like   the    coils    of   an    ordinary 

resistance  box  (Fig.   146).      In 

this   case   the   coils   must  have 

resistances  ^g,   (¥V  -  imr)^   and   (i  ~  i»V )ff,  and  the 

block  marked  F  will  correspond  with  the  ^th  shunt,  while 

that  marked  D  will  correspond  with  the  ^^th  shunt,  as 

indicated  symbolically  in  Fig.  146. 

In  order  to  obtain  very  good  "surface  insulation'1 

(see  Yol.  II.),  the  brass  pieces  AB,  c,  D,  E,  and  F  are, 
in  the  particular  shunt  box 
shown  in  Fig.  144,  mounted  on 
ebonite  pillars  P,  P,  P,  P;  and, 
to  avoid  the  insertion  of  the 
plug  into  one  or  other  of  the 
holes  pushing  these  pillars  out- 
wards and  so  preventing  the 
plug  making  firm  contact  with 
the  pieces  of  brass  on  each  side 
of  it,  there  is  a  spring  cap 
cc,  sliding  on  the  plug,  which 
passes  over  the  two  vertical 
pins  on  each  side  of  the  hole, 
and  so  holds  the  brass  pieces 

together  against  the  wedging  action  which  tends  to  force 

them  asunder  when  the  plug  is  pressed  in.    The  plug  has 


Fig.  146.— Top  of  Shunt  Box, 
showing  Series  Arrange- 
ment of  Shunts. 
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a  long  ebonite  handle  i,  which  should  be  held  by  the  flat 
part  at  the  end  to  prevent  leakage  taking  place  along  the 
surface  of  the  handle  and  through  the  body  of  the 
experimenter  to  the  ground. 

101.    Increase  of  the  Main  Current  Produced  by 
Applying    a    Shunt. — Although    the    current   passing 

through  an  unshunted  gal- 
vanometer is  the  same  as  the 
current  in  the  main,  and 
although  the  current  passing 
through  a  shunted  galvano- 


Fig.  147. 


the  ratio  of  unity  to 


9  +  «' 


meter  is  always   -       —  times 

J    9  +  * 

the  current  in  the  main,  it 
must  not  be  assumed  that  the 
application  of  a  shunt  to  a 
galvanometer  diminishes  the 
current  passing  through  it  in 

For  the  application  of  the 


shunt  diminishes  the  resistance  in  the  circuit  by  the 
difference  between  g  and 


— ; — >    and  this  diminution 
ff  +  * 

of  the  resistance  of  the  circuit  increases  the  current 
in  the  main,  more  or  less,  depending  on  the  arrange- 
ment of  the  circuit;  so  that  the  current  in  the  main 
after  the  application  of  the  shunt  is  greater  than  the 
current  in  the  main  before  the  shunt  was  applied 
by  an  amount  that  may  be  very  small,  or  may  be 
very  large. 

Let  the  circuit  consist  of  a  resistance  m  in  series, 
with  a  galvanometer  of  resistance  g,  and  let  a  fixed  P.D. 
of  V  volts  be  maintained  between  the  terminals  of  this 
circuit  (Fig.  147),  then  GI}  the  current  passing  through 
the  main  or  through  the  galvanometer,  equals 

V 

m  +  g 
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Next  let  the  galvanometer  be  shunted  with  a  shunt 
of  resistance  s  (Fig.  148),  and  let  the  P.D.  of  V  volts  be 
still  maintained  between  the  terminals  of  the  complete 
circuit  shown  in  Fig.  148,  then  the  current  now  passing 
along  the  main  equals 

Y 


1  g  +  s 

and  G2,  the  current  now  flowing  through  the  galvano- 
meter equals  -cr 


g  + 


m  + 


9 


or 


m  (g  +  s)  +  g  s  y 
G%  _        s  (m  +  g) 
Gj  ~~  m  (g  +  s)  +  g  s' 

Now  the  value  of  this  ratio  depends  on  the  size  of  m; 
for  example,  if  m  be  very  large 
compared  with  g, 


GI       9  +  «  ' 

whereas   if   m    be   very    small 
compared  with  g, 

G2 

^r  =  unity. 

That  is  to  say,  if  the  resistance 
external  to  the  galvanometer  be 
very  large,  the  galvanometer  current  after  the  application 
of  the  shunt  bears  to  the  galvanometer  current  before  its 
application  the  ratio  of  s  to  g  +  &  i  while,  on  the  other 
hand,  if  the  resistance  external  to  the  galvanometer  be 
very  small,  shunting  the  galvanometer  produces  very 
little  effect  on  the  current  passing  through  it.  And 


300  PRACTICAL    ELECTRICITY.  [Chap.  IV. 

this  arises  from  the  fact  that  on  applying  the  shunt  in  the 
first  case  the  main  current  is  not  changed,  while  in  the 
second  it  is  increased  by  an  amount  almost  exactly  equal 
to  the  current  that  is  shunted  past  the  galvanometer. 

For  example,  let  g  be  1,000  ohms  and  s  the  ith  of  g  — 
(1)  let  m  be  100,000  ohms,  then  the  true  ratio  of  G2  to 

°llS  111'!   x  101000  ,  or  0-1009  about, 


100,000  x  1,111-1  +  111,111 

whereas  the  value  of  —  _  —  is  0*1,  which  differs  by  about 

s  +  g 

1    per   cent,  from    the  true  ratio,  so  that  the  current 
through  the  galvanometer  is  reduced  practically  to  one- 
tenth  of  its  previous  value  ; 
(2)  let  m  be  10  ohms,  then  the  true  ratio  of  G2  to  Gx  is 

111-1   x   1,010 
-  ;  —  ?  -  ,  or  0-92  about, 

10  x  1,111-1  +  111,111 

whereas  the  approximate  value  of  the  ratio  is  unity, 
which  differs  by  about  8  per  cent,  from  the  true  ratio, 
so  that  the  current  through  the  galvanometer  remains 
practically  unchanged  by  the  application  of  the  shunt. 

An  important  example  of  this  independence  of 
currents  in  parallel  circuits  that  can  be  produced  by 
making  the  value  of  m  in  Fig.  148  very  small  occurs  in 
the  wiring  of  a  house  for  electric  lighting.  The  glow 
lamps  are  all  connected  in  parallel  with  the  house  mains 
as  indicated  in  Fig.  149,  which  represents  a  portion  of 
the  plan  of  the  ground  floor  of  a  house,  and  shows 
the  way  in  which  the  electric  lighting  mains  and 
branch  mains  are  run.  At  the  place  where  the  house 
mains,  H,  are  connected  with  the  street  mains,  s,  a 
constant,  or  nearly  constant,  P.D.  is  maintained  by  the 
Electric  Supply  Company,  the  value  of  this  nearly 
constant  P.I),  being  frequently  100  volts.  Each  lamp, 
L,  or  each  group  of  lamps,  is  provided  with  a  switch  so 
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that  the  current  can  be  turned  on  to,  or  off'  from,  each 
lamp,  or  group  of  lamps,  independently ;  and  it  is 
obviously  important  that  the  turning  on,  or  off,  of  a 
switch  in  one  part  of  a  house  shall  not  sensibly  affect 
the  light  given  by  the  glow  lamps  in  some  other  part  of 


Fig.  149. — Part  of  the  Plan  of  an  Electrically  Lighted  House. 

s,  Street  Mains  ;  H,  Mains  to  House  ;  M,  Supply  Meter  ;  n,  Distribution  Board  ; 

I,  Loails  to  the  Rooms  ;  I',  Branch  Leads  ;  L,  Glow  Lamps. 

the  house.  Now  a  glow  lamp  is  a  very  sensitive  indi- 
cator of  any  variation  of  the  current  passing  through  it, 
for  the  light  given  out  by  a  new  glow  lamp,  when 
glowing  at  about  its  normal  brilliancy,  varies  about  six 
per  cent,  for  each  one  per  cent,  variation  of  the  current 
passing  through  it.  Hence  it  is  extremely  important  to 
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arrange  matters  so  that  the  current  passing  through  each 
lamp  is  nearly  independent  of  the  current  passing  through 
any  other  lamp,  and  this  result  is  attained  by  making  the 
resistance  of  the  house  wires  H,  I,  I'  small  compared  with 
the  resistance  of  the  carbon  filaments  of  the  lamps,  in 
accordance  with  the  principle  proved  in  this  section  for 
a  galvanometer  and  shunt. 

Example  54. — A  galvanometer  of  8,100  ohms'  re- 
sistance is  in  a  circuit  having  500,000  ohms'  resistance 
external  to  the  galvanometer.  What  is  the  percentage 
change  in  the  main  current  made  by  shunting  the 
galvanometer  with  a  ^th  shunt1? 

Answer. — 1-46  per  cent. 

Example  55. — If  a  galvanometer  have  1,980  ohms' 
resistance,  and  a  shunt  be  attached  so  that  the  current 
passing  through  the  galvanometer  is  only  y^th  of  the 
total  current,  what  will  be  the  resistance  of  the  shunt, 
and  by  how  many  ohms  will  the  resistance  of  the  circuit 
be  diminished  by  employing  the  shunt  1 

Answer. — Resistance  of  shunt  =  20  ohms. 

Diminution  of  resistance  =  1960*2  ohms. 

Example  56. — A  pair  of  "leads"  or  branch  con- 
ductors runs  from  the  street  mains,  where  a  P.D.  of  100 
volts  is  maintained,  to  a  hall  where  150  glow  lamps  are 
in  use.  Each  of  the  lamps  would  take  0*5  ampere  at 
100  volts.  What  must  be  the  resistance  of  the  leads 
in  order  that,  when  all  the  lamps  are  burning  in  parallel, 
the  P.D.  between  their  terminals  is  98  volts  1 

Answer. — The  resistance  of  each  lamp  is  Q^K  =  200 
ohms.  Hence  the  current  taken  by  each  lamp  at  98 

QQ 

volts  is  OAA,  or  0'49  ampere,  and  the  total  current  through 

150  lamps  in  parallel  is  150  x  '49,  or  7 3 '5  amperes.  The 
resistance  of  the  leads  must  be  such  that  there  is  a 
"drop"  of  pressure  of  2  volts  when  the  current  is  73'5 

2 
amperes;  hence  the  resistance  is     oTj  or  0-0272  ohm. 
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102.  Principle  of  Universal  Shunts. — When  using 
a  shunt  to  compare  the  relative  strengths  of  two  currents, 
it  is  unnecessary  to  know  what  is  the  exact  fraction  of 
the  main  current  that  passes  through  the  galvanometer, 
for  all  that  has  to  be  known  is  the  way  in  which  this 
fraction  is  varied  when  the  shunt  is  altered.  Carrying 
out  this  idea,  Mr.  Mather  and  the  author  have  devised  a 
method  of  applying  shunts  to  a  galvanometer  in  which 
the  resistances  of  the  coils  of  the  shunt  box  need  have 


Fig.  150.— Principle  of  Ayrton  and  Mather's  Universal  Shunt. 

no  special  connection  with  the  resistance  of  the  galvano- 
meter itself.  Hence  the  same  shunt  box  can  be  used  with 
any  galvanometer. 

For  example,  let  a  galvanometer  of  any  resistance  g 
ohms  be  permanently  shunted  with  any  resistance  r  ohms 
(Fig.  150),  and  when  a  current  of  A  amperes  comes 
along  the  main  M3  and  leaves  by  the  main  MJ  let  the 
deflection  of  the  shunted  galvanometer  be  a.  Next,  let 
the  main  M3  be  moved  from  the  point  a  to  the  dotted 
position  at  the  point  c,  the  fraction  of  r  between  the, 

points  d  and  c  being  .  Now  when  a  stronger  cur- 
rent of  A'  amperes  comes  along  the  dotted  main  M2  at 
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the  point  c  and  leaves  by  the  main  MI}  let  the  deflection 
be  a' )  then,  if  the  deflections  of  the  galvanometer  are 
directly  proportional  to  the  currents  passing  through  it, 

A'  a' 

r-  =  n  — 

A  a 

whatever  be  the  values  of  g  and  of  v. 

For  let  the  galvanometer  current  in  the  first  case  be 
G,  and  in  the  second  G',  then 


and     G'  = 


ff  +  r 

r 

n 


r        n  - 

+  n  + 


G'        1_      A' 
G   ~  n   '  A* 


A'  «' 

A   =  n  '  a  • 

For  example,  if  n  be  10  or  100  the  ratio  of  the 
currents,  A'  to  A  will  be  exactly  10  times  or  100  times 
the  ratio  which  the  deflection  a'  bears  to  a,  independently 
of  the  values  of  y  and  of  r. 

103.  Method  of  Constructing  a  Universal  Shunt 
Box,  and  its  Advantages.  —  A  "universal  shunt  box" 
constructed  on  this  principle  is  seen  in  Fig.  151.  The 
terminals  A  and  B  of  the  shunt  box  are  permanently 
connected  respectively  with  the  terminals  of  the  galvano- 
meter, while  the  terminals  B  and  c  of  the  box  are 
connected  with  the  two  main  wires  which  lead  the 
current  up  to  and  away  from  the  galvanometer  and 
shunt.  The  ends  of  a  coil  of  any  resistance  r  ohms  are 
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permanently  connected  as  shown,  and  at  points  in  this 

if  rp  rp 

coil    corresponding    with        »    =>     -         ohms  perma- 


nent connections  are  made  with  the  various  blocks  of  the 
shunt  box  as  illustrated. 


Fig.  151. — Plan  of  Ayrton  and  Mather's  Universal  Shunt  Box. 

Then,  whatever  be  the  resistance  of  this  coil  r 
compared  with  the  resistance  of  the  galvanometer  g 
(either,  or  both,  of  which  may,  therefore,  be  unknown),  it 
is  easy  to  show  that  if  G  amperes  be  the  current  flowing 
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round  the  galvanometer  when  a  plug  is  placed  into  the 

G       G         G 
hole   marked   d,   it    will    be    JQ>    JQQ>    ]~000   amPeres 

respectively  when  the  plug  is  put  instead  into  the  holes 
marked  c,  b,  and  a  respectively,  if  there  be  the  same 
current  in  the  main  circuit. 

This  method  of  altering  the  shunting  of  a  galvano- 
meter by  using  a  fixed  resistance  r  and  varying  the 
position  of  the  mains,  instead  of  keeping  the  mains  fixed 
and  varying  the  resistance  of  the  shunt  as  in  Fig.  148, 
has  several  important  advantages,  viz.  : — 

(1)  The  same   shunt  box   can    be   used   with    any 

galvanometer,  &c. 

(2)  Variations  of  the  temperature  of  the  room  pro- 

duce no  error,  for  we  are  only  concerned  with 
the  accurate  subdivision  of  the  resistance  r, 
which  may  be  made  of  German  silver,  platinoid, 
manganin,  or  any  wire  of  low  temperature  co- 
efficient ;  whereas  with  the  ordinary  method  of 
constructing  a  shunt  box  (Figs.  145,  146), 
unless  the  coils  of  the  shunt  box  be  constructed 
of  the  same  metal  as  the  coils  of  the  galvano- 
meter, and  unless  both  the  shunt  box  and  the 
galvanometer  have  exactly  the  same  tempera- 
ture, the  multiplying  powers  of  the  shunts  will 
not  be  exactly  those  marked  on  the  box,  even 
although  great  care  may  have  been  taken  by  the 
maker  in  the  original  adjustments  of  the  shunt 
coils.  But  since  the  shunts  are  not  inside  the 
galvanometer  case,  it  is  very  difficult  to  ensure, 
from  the  readings  of  thermometers,  that  there 
is  not  a  difference  of  some  two  or  three  degrees 
between  the  mean  temperatures  of  the  shunt 
box  and  of  the  galvanometer ;  so  that,  although 
both  the  shunt  coils  and  the  galvanometer  coils 
be  wound  with  copper  wire,  the  resistances  of 
the  shunts  may  easily  be  1  per  cent,  wrong 
relatively  to  that  of  the  galvanometer. 
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In  fact,  except  in  the  rare  case  when  the  gal- 
vanometer as  well  as  the  shunts  is  wound  with 
German  silver,  manganin,  or  other  wire  of  low 
temperature  coefficient,  it  is  useless  spending 
time  making  accurate  adjustments  of  the  resist- 
ances of  the  shunt  coils  as  ordinarily  constructed. 

(3)  The  coils  of  the  universal  shunt  box  can  be  more 

easily  adjusted  than  those  of  an  ordinary  shunt 
box,  for  fractions  of  an  ohm  need  not  be  used. 
Indeed,  the  smallest  coil  of  a  universal  shunt 
box  may  have  a  resistance  of  several  ohms  if 
desired  \  whereas  with  a  shunt  box  as  ordin- 
arily constructed  the  resistances  of  the  -y^th, 
,  and  y^oo^h  shunt  must  be  exactly  £th, 

,  and  ^-^th  of  the  resistance  of  the  galvano- 
meter. Therefore,  if  the  resistance  of  the 
galvanometer  be  1,000  ohms,  for  example,  the 
shunts  must  have  111-1,  10-10,  and  I'OOl  ohms' 
resistance ;  hence  we  must  construct  the  y^Voth 
shunt  accurately  to  the  one-thousandth  of  an  ohm 
if  we  wish  it  to  be  correct  to  even  y^-th  per  cent. 

Hence  it  is  cheaper  to  construct  a  universal 
shunt  box  that  can  be  used  with  any  galvano- 
meter than  an  ordinary  shunt  box  which  is 
only  intended  to  be  employed  with  one  par- 
ticular galvanometer. 

(4)  Lastly,   whatever  be  the  values  of  g,  n,  and  r 

(Fig.     150),    provided    that    r    is    less    than 
9  (n  +  \/^2  +  ™)?   the  use  of  the  universal 
shunt  box  produces  less  change  in  the  resist- 
ance of  the  circuit  from  its  original  value  than 
the  employment  of  the  ordinary  shunt  box. 
The  truth  of  this  last  statement  may  be  proved  as 
follows  : — With  the  ordinary  method  of  keeping  the  main 
leads  MJ,  M2  (Fig.  141,  page  289)  permanently  connected 
with  the  galvanometer  G-,  and  of  varying  the  current 
through  the  galvanometer  by  altering  the  resistance  s  of 
the  shunt,  the  change  that  is  produced  in  the  resistance  of 
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the  circuit  on  applying  this  shunt  is,  as  well  known,  from 

as  a* 

g  to  — — —  ;  that  is,  the  resistance  is  diminished  by  — - -—  • 

If,  then,  the  shunt  be  such  as  to  allow  -th  of  the  current 
to  pass  through  the  galvanometer,  s  equals  — ^— ;,  and 
the  resistance  in  circuit  is  diminished  by  'r^I g  when 

fb 

this  shunt  is  applied.  For  example,  if  n  be  10,  the  resist- 
ance of  the  circuit  will  be  diminished  by  T%ths  of  g. 

Whereas  on  moving  the  main  M2  from  the  point  d 
to  the  point  c,  when  using  the  universal  shunt  box  (Fig. 
150,  page  303),  the  resistance  of  the  circuit  is  altered  from 

or  (a  4-  2^1  r)  1 

to  vy  ^  -» 1*  ;  that  is,   the  resistance  of  the 


g  +  r  g  +  r 

circuit  is  diminished  by 


or  increased  by 

1       /  n-  1    0       n 

--  x—  r~  — 
+  r  I      ri* 


g  4-  r 

for  this  expression  can  be  positive  or  negative,  depending 
on  the  value  of  r  relatively  to  that  of  ng.  Therefore 
the  change  in  the  resistance  of  the  circuit  when  using 
the  universal  shunt  box  bears  to  the  change  when 
employing  the  ordinary  shunt  box  the  ratio  of 

1       (  n—  1    ,       n -  1         \        n—\ 

_—  t -  g  r  I  to  -          </, 

g  +  r  \      riz  n  J  n 

and  this  ratio,  which  simplifies  to 

1       (  r*  _  r\ 
g  +  r \ng         ) 

on  dividing  by  -  -  <?,  will  be  less  than  unity  as  long 
as  r  does  not  exceed  g  (n  -f  \/ri*  +  n). 
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From  this  it  follows  that,  if  r  be  not  more  than 
20*488  times  the  resistance  of  the  galvanometer,  the 
change  in  the  resistance  of  the  circuit,  from  its  original 
value,  produced  by  using  the  TVth,  T^th,  and  yoVo^1 
shunts  will  be  less  with  a  universal  shunt  box  than  with 
an  ordinary  shunt  box.  So  that  if  the  resistance  of  no 
one  of  a  set  of  galvanometers  be  less  than  1,000  ohms, 
the  universal  shunt  box  may  have  a  total  resistance  of 
20,488  ohms,  and  still  this  additional  advantage  will  be 
gained  with  each  of  the  galvanometers.  Or,  if  the 
resistance  of  the  universal  shunt  box  be  10,000  ohms, 
this  additional  advantage  will  be  gained  with  any 
galvanometer  of  high  or  low  resistance,  provided  that  the 
galvanometer  resistance  be  not  less  than  488  ohms. 

When  the  movable  main  M2  (Fig.  150)  has  to  be 
connected  with  only  two  points  of  the  fixed  resistance  r 
which  permanently  shunts  the  galvanometer — that  is, 
when  n  has  only  to  have  one  value — it  is  well  to  select  r 
so  that  it  is  about  equal  to  ng.  For  in  that  case  the 
expression 

1        (  n  —  1    „       n—l         } 

\   r3  —  g  r  \ 

g  +  r  I      n2  n  ) 

is  practically  zero,  and,  as  this  expression  has  been 
shown  to  be  equal  to  the  change  produced  in  the  resist- 
ance of  the  circuit  when  the  main  M2  is  moved  from  d  to 
c,  it  follows  that  when  r  is  about  equal  to  ng  there  is 
practically  no  change  made  in  the  resistance  of  the 
circuit  by  shifting  the  main.  Consequently,  whether 
the  resistance  of  the  circuit  external  to  the  galvanometer 
be  small  or  large,  the  shifting  of  the  main  from  d  to  c 
so  as  to  vary  the  fraction  of  the  main  current  which 
passes  through  the  galvanometer  produces  practically  no 
change  whatever  on  the  main  current  itself. 

For  example,  if  the  galvanometer  has  1,000  ohms' 
resistance,  and  we  select  r  so  that  its  resistance  is  about 
10,000  ohms,  then,  whatever  be  the  resistance  of  the 
rest  of  the  circuit,  the  main  current  will  be  practically 
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the  same  whether  the  main  M2  be  joined  to  the  point  d 
or  c  ;  whereas  the  current  passing  through  the  galvano- 
meter will  be  exactly  ten  times  as  great  with  the  first 
position  of  the  main  as  with  the  second,  whatever  be 
the  materials  the  resistance  r  and  the  galvanometer  coils 
are  respectively  made  of,  and  whatever  be  the  tempera- 
tures of  the  shunt  box  and  of  the  galvanometer. 

With  the  ordinary  method,  on  the  other  hand,  of 
making  the  tenth  shunt  equal  to  £th  of  the  resistance  of 
the  galvanometer,  it  is  only  when  the  shunt  coil  and  the 
galvanometer  coils  are  constructed  of  the  same  material 
and  are  at  exactly  the  same  temperature  that  the  galvano- 
meter current  is  exactly  T^th  of  the  current  in  the 
main.  And,  further,  if  the  resistance  external  to  the 
galvanometer  be  comparatively  small,  the  application  of 
the  shunt  so  diminishes  the  resistance  of  the  circuit,  and 
therefore  produces  such  a  large  increase  in  the  main 
current,  that  the  application  of  the  shunt  is  of  little 
value  in  diminishing  the  current  passing  through  the 
galvanometer. 

Example  57. — A  Universal  Shunt,  7,000  ohms  in 
resistance,  is  employed  with  a  galvanometer  having  a 
resistance  of  1,270  ohms.  What  fractions  of  the  main 
current  pass  through  the  galvanometer  if  the  part  of  the 
shunt  included  between  the  mains  is  10  ohms,  70  ohms, 
700  ohms,  and  7,000  ohms  1 

The  ratio  of  the  galvanometer  current  to  the  main 
current  is 

s  10       70      700       ,  7000 

and 


9  +  8       8270'  8270'  8270         8270 

respectively,  or  the  fractions  are  in  the  ratio 

A  t<>  1- 

Example  58. — Taking  the  galvanometer  and  shunt 

referred  to  in  the  preceding  question,  find  the  percentage 
difference  in  maximum  sensibility  between  the  galvano- 
meter used  with  the  universal  shunt  and  used  in  the 
ordinary  way. 
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If  the  universal  shunt  is  used,  the  maximum  sensi- 
bility is  obtained  when  the  mains  are  across  the 
galvanometer  terminals,  and  the  galvanometer  takes 

7000 

—   -846  of  the   main   current.     If  the   ordinary 

8270 

method  is  employed,  the  galvanometer  takes  the  whole 
of  the  main  current  for  maximum  sensibility.  Hence, 
the  universal  shunt  gives  15-4  per  cent,  less  maximum 
sensibility. 

Example  59. — If  a  galvanometer  of  1,270  ohms' 
resistance  be  employed,  and  if  the  resistance  of  the 
circuit  external  to  the  galvanometer  be  200,000  ohms, 
calculate  the  percentage  variation  that  will  be  made  in 
the  main  current  when  the  sensibility  of  the  galvano- 
meter is  diminished  from  its  maximum  to  one-hundredth 
of  the  maximum,  first  by  using  a  shunt  specially  con- 
structed for  the  particular  galvanometer,  secondly  a 
universal  shunt  of  7,000  ohms  in  resistance. 

Answer. — The  percentage  change  in  the  main  current 
will  be  0-62  when  using  the  ordinary  shunt,  and  0*50 
when  the  universal  shunt  is  employed. 

104.— Use  of  Shunts  with  a  Differential  Galvano- 
meter.— We  have  seen  (§  74,  page  241)  that  if  the  two 
coils  c  and  c'  (Fig.  122)  of  the  differential  galvanometer 
have  equal  resistances,  and  if,  in  addition,  they  be  so 
adjusted  relatively  to  the  needle  that  no  deflection  is 
produced  when  equal  currents  flow  round  the  coils,  no 
deflection  will  be  produced  when  A  and  B  have  equal 
resistances,  and  a  P.D.  is  set  up  between  the  points  p 
and  Q  by  any  convenient  current  generator.  If,  now, 
one  of  the  coils,  say  c,  be  shunted  with  a  shunt,  having, 
say,  ith  of  the  resistance  of  c,  then  the  parallel  resistance 
of  c  and  its  shunt  will  be  ^th  of  the  resistance  of  c 
alone  (§  98,  page  292).  Therefore  if  the  resistance  of  A 
be  also  diminished  to  TVth  of  what  it  was  before,  the 
total  resistance  of  the  branch  PACQ  will  become  T^th 
of  what  it  previously  was,  hence  ten  times  as  much 
current  will  pass  through  A  as  through  B,  but  of  this 
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larger  current  only  y^th  part  will  pass  round  the  coil  c, 
and,  consequently,  there  will  still  be  no  deflection  of  the 
needle.  We  can  generally  conclude  that  if  one  coil,  c, 
having  a  resistance  g  ohms,  of  a  differential  galvanometer 
be  shunted  with  a  shunt  of  s  ohms,  no  deflection  will  be 
produced  when 

resistance  of  A  _      « 

resistance  of  B  ~~  s  +  g 

If,  therefore,  B  consist  of  a  box  of  resistance  coils, 
the  resistance  of  which  can  be  varied  from,  say,  1  to 
10,000  ohms,  we  can,  by  the  addition  of  a  tenth  shunt  to 
one  or  other  of  the  coils  c  or  c',  of  a  differential  galvano- 
meter, measure  resistances  varying  between  O'l  and 
100,000  ohms. 

Note  to  page  258. — Copper,  having  a  specific  resistance  1  or  even  2  per 
cent,  smaller  than  the  purest  specimens  which  Dr.  Matthiessen  could 
prepare  chemically,  can  now  be  bought  commercially  in  large  quantities. 
But  experiments  carried  out  at  the  Central  Technical  College  by  Mr. 
J.  H.  Keeves  (Phil.  Mag.,  May,  1896)  do  not  support  the  view  that 
this  extra  high  conductivity  is  produced  by  high  density,  seeing  that 
when  the  9  specimens  of  Messrs.  Bolton  and  Sons'  soft  copper  wire, 
which  Mr.  Keeves  tested,  are  arranged  in  order  of  diminishing  specific 
resistance,  they  are  not  arranged  in  order  of  increasing  density. 
Indeed,  the  best  specimen,  which  had  a  resistance  per  cubic  centimetre 
at  0°C.  of  1-566  microhm,  had  a  density  of  only  8 '888,  which  is 
consideiably  less  than  the  density  usually  assigned  to  copper. 

Note  to  page  269. — A  wire  called  "  Ja  Ja"  is  now  (1896)  manu- 
factured at  the  Westphalian  Kolling  Mills  which  has  a  resistance  of 
about  51*5  microhms  per  cubic  centimetre,  and  a  negative  temperature 
coefficient  of  —  0'0076  per  cent,  per  1°C.,  according  to  the  results  of 
tests  communicated  by  Mr.  S.  Evershed  to  the  author.  This  material 
is  very  valuable  for  the  added  resistance  in  a  voltmeter  (w  of  Fig.  86, 
page  176),  since  if  the  coil  of  the  voltmeter  be  made  of  copper,  having 
a  temperature  coefficient  of,  say,  4  per  cent,  per  1°C.,  while  the  added 
coil  is  wound  with  "  Ja  Ja  "  wire  and  has  a  resistance  about  52 '6  times 
that  of  the  copper  coil,  the  resistance  of  the  voltmeter  as  a  whole  will 
be  unaffected  by  changes  of  temperature. 
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105.  Work  Done  by  a  Current— 106.  Joule— 107.  Heat  Produced  by 
a  Current — 108.  Measuring  the  Rate  of  Production  of  Heat  by  a 
Current— 109.  Power— 110.  Watt— 111.  Wattmeter:  its  Principle 
—112.  Commercial  Forms  of  Wattmeters— 113.  Joulemeter :  Clock 
Form — 114.  Joulemeter :  Motor  Form — 115.  Board  of  Trade  Unit 
of  Energy — 116.  Electric  Transmission  of  Energy — 117.  Power 
Developed  by  a  Current  Generator — 118.  Electromotive  Force  of 
a  Battery— 119.  Connection  between  the  E.M.F.  of  a  Battery, 
the  P.D.  between  its  Terminals,  the  Resistance,  and  the  Current 
— 120.  Electromotive  Force  of  Any  Current  Generator — 121. 
Power  Absorbed  in  the  Circuit  Exterior  to  the  Generator — 122. 
Distribution  of  Potential  in  a  Battery — 123.  A  Current  Generator 
may  Abstract  Energy  from  a  Circuit  even  when  its  E.M.F.  Helps 
the  Current — 124.  External  Circuit  that  Receives  Maximum 
Power  from  a  Given  Current  Generator — 125.  Arrangement  of 
Part  of  the  External  Circuit  to  Receive  Maximum  Power — 126. 
Way  in  which  Power  Received  by  External  Circuit  Varies 
from  Maximum — 127.  Efficiency— 128.  Efficiency  of  Electric 
Transmission  of  Energy — 129.  Connection  between  Electrical 
Efficiency  of  Transmission  and  Ratio  of  the  Power  Received  to 
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105.  Work  Done  by  a  Current.— Whenever  an 
electric  current  flows  through  a  circuit  work  is  done, 
just  as  whenever  a  water  current  flows  through  a  pipe  or 
along  a  river  bed  the  flowing  water  does  work  on  the 
obstacles  that  obstruct  its  passage.  When  a  water 
stream  of  Q  cubic  feet  per  minute  falls  down  a  height  of 
/  feet,  the  work  done  by  the  water  in  m  minutes  equals 

6243  Q/m  foot  pounds  very  approximately, 

G2-43  being  approximately  the  weight  of  a  cubic  foot  of 
water  in  pounds.  So  when  an  electric  current  of  A 
amperes  flows  from  a  point  a  to  a  point  b  through  any 
circuit,  the  potential  at  b  being  V  volts  lower  than  the 
potential  at  a,  the  work  done  on  the  circuit  a  b  by  the 
electric  current  in  m  minutes  equals 

44 '2  3  AVm  foot  pounds  very  approximately. 
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Neither  the  current  of  water  nor  the  current  of 
electricity  is  changed,  but  the  current  of  water  in 
falling  from  one  level  to  a  lower  level,  and  the  current 
of  electricity  in  falling  from  one  potential  to  a  lower 
potential,  gives  up  energy,  and  the  amount  of  the  energy 
lost  by  the  current  in  m  minutes  is  given  in  all  cases  by 
the  preceding  expressions,  provided  that  there  is  no 
apparatus  in  the  circuit  in  question  which  gives  energy 
to  the  current  instead  of  receiving  energy  from  it. 

When  the  stream  of  water  is  a  steady  one.  and  when 
it  flows  through  a  uniform  tube  such  as  tt  (Fig.  77, 
page  154),  all  the  energy  lost  by  the  water  between  any 
two  points  PI  and  P3  is  converted  directly  into  heat,  and 
is  employed  in  slightly  warming  the  water  and  the  tube: 
so  in  the  same  way,  when  a  steady  electric  current  flows 
through  a  wire,  the  wire  and  the  surrounding  bodies 
being  at  rest  relatively  to  one  another,  the  energy  lost 
by  the  current  is  turned  directly  into  heat  and  the  wire 
is  warmed.  If,  however,  the  obstruction  to  the  passage 
of  the  water  be  produced  not  merely  by  objects  at  rest 
but  by  the  paddles  of  a  water-wheel  which  can  be  moved 
by  the  falling  water,  then  a  portion  of  the  energy  lost 
by  the  water  appears  as  mechanical  energy  given,  to  the 
water-wheel ;  so  in  the  same  way,  when  there  is  a 
magnet;  or  a  piece  of  iron  near  the  wire  conveying  the 
steady  electric  current,  and  when  the  relative  positions 
of  the  wire  and  the  magnet  or  iron  can  be  changed  by 
electromagnetic  attraction,  then  a  portion  of  the  energy 
given  up  by  the  current  is  employed  in  doing  work  on 
the  movable  system.  For  example,  when  a  current  is 
sent  through  a  galvanometer  with  a  pivoted  needle,  or 
through  a  coil  of  wire  suspended  in  a  magnetic  field,  or 
through  the  coil  of  an  electromagnet  with  a  movable 
armature,  or  generally  through  any  "electromotor"  the 
current  not  only  does  work  in  heating  the  wire  through 
which  it  flows,  but  it  also  does  work  in  producing 
mechanical  motion  against  the  controlling  force.  As 
soon  as  the  galvanometer  needle  or  the  suspended  coil 
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has  been  deflected  to  such  a  position  that  the  force  due 
to  the  current  is  balanced  by  the  controlling  force,  or 
when  the  armature  of  the  electromagnet  has  been  pulled 
down  against  some  stop,  or  the  electromotor  has  been 
brought  to  rest  by  some  opposing  force  becoming  greater 
than  the  electromotor  can  overcome,  no  more  mechanical 
work  is  done  by  the  current,  and  all  the  energy  it 
subsequently  loses  is  directly  turned  into  heat  and  goes 
to  warm  the  wire  through  which  the  current  flows. 

The  expression  44-23  AVra  foot  pounds,  then,  repre- 
sents in  all  cases  the  total  amount  of  work  done  in  m 
minutes  by  a  current  of  A  amperes  flowing  through  a 
circuit  under  a  P.D.  of  V  volts,  provided  that  there  is 
no  apparatus  in  the  circuit  which  gives  energy  to  the 
current  instead  of  receiving  energy  from  it ;  and  the 
expression  may  be  divided  into  two  parts,  one  part 
representing  the  energy  which  is  lost  by  the  current 
and  turned  directly  into  heat,  and  the  other  the  energy 
lost  by  the  current  which  is  converted  into  some  form  of 
energy  other  than  heat.  If  an  electromotor  be  driven  by 
the  current  and  be  employed  to  grind  corn  or  to  turn  a 
grindstone,  this  secorid  portion  of  the  energy  will  also  be 
turned  into  heat ;  but  this  heat  will  not  be  produced  by 
a  direct  conversion  of  electric  energy  into  heat,  but  by  a 
conversion  first  of  electric  energy  into  mechanical  energy, 
and  secondly  of  mechanical  energy  into  heat.  If,  on  the 
other  hand,  the  electromotor  be  used  to  raise  blocks  of 
stone  to  the  top  of  a  scaffolding  for  building  purposes, 
then  this  second  part  of  the  energy  will  not  be  turned 
into  heat  at  all. 

If  the  circuit  through  which  the  current  flows  con- 
tains an  electrolytic  cell,  then,  although  no  mechanical 
work  will  be  done  by  the  current  in  this  cell,  chemical 
change  will  be  effected,  and  when,  as  a  consequence, 
chemical  energy  is  added  to  the  electrolytic  cell,  the  work 
done  by  the  current  in  producing  this  chemical  energy 
is  analogous  with  the  work  done  in  producing  mechanical 
energy,  and  must  be  added  to  the  work  done  by  the 
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current  in  directly  heating  the  conductor  to  obtain  the 
expression  4 4 '2 3  AVm  foot  pounds. 

If,  on  the  contrary,  chemical  energy  disappears  from 
the  cell  on  the  passage  of  the  current,  this  energy  is 
transformed  into  electric  energy,  and  the  electrolytic 
cell,  therefore,  acts  as  a  current  generator  and  introduces 
electric  energy  into  the  circuit.  In  that  case  the  total 
amount  of  work  done  by  the  current  in  ra  minutes  in  the 
portion  of  the  circuit  which  contains  this  electrolytic  cell 
is  not  equal  to  44-23  AVm  foot  pounds,  since  electric 
energy  is  introduced  by  the  cell  in  question  into  the 
portion  of  the  circuit  under  consideration,  as  well  as 
there  being  a  transference  of  electric  energy  between  this 
portion  and  the  remainder  of  the  circuit.  If,  however, 
we  confine  ourselves  to  this  transference  of  energy 
between  two  portions  of  a  circuit,  we  may  say  that 
if  a  P.D.  of  V  volts  be  maintained  between  any  two  points 
L  and  M  in  a  circuit,  the  amount  of  electric  energy 
transferred  in  m  minutes  between  the  portion  of  the 
circuit  LM  and  the  rest  of  the  circuit  by  a  current  of 
A  amperes  equals  in  all  cases  44*23  A  Vmfoot  pounds. 

In  certain  exceptional  cases  the  electrolytic  cell  may 
act  simply  as  a  resistance  and  be  merely  warmed  by  the 
passage  of  the  current,  but  for  that  to  be  the  case  the 
work  done  in  producing  chemical  action  at  one  plate  of 
the  cell  must  be  exactly  balanced  by  the  work  given  out 
in  the  same  time  by  the  chemical  action  at  the  other 
plate.  This  will  be  approximately  the  case  when  the 
cell  consists,  for  example,  of  two  copper  plates  immersed 
in  a  solution  of  sulphate  of  copper,  and  when  the  liquid 
is  kept  vigorously  stirred  so  that,  although  copper  is 
thrown  into  solution  at  the  anode  and  taken  out  of 
solution  at  the  kathode,  the  density  of  the  liquid  is 
not  allowed  to  diminish  round  the  anode  plate  nor  to 
increase  round  the  kathode  plate,  which  would  happen 
if  the  liquid  were  left  at  rest  while  the  current  was 
passing. 

Example,  60. — An  arc   lamp    takes    12  amperes   at 
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50  volts  pressure.     How  many  foot  pounds  of  energy 
does  it  receive  per  minute  ? 

Answer. — 26,538  foot  pounds  per  minute. 
Example  61. — A  resistance  coil  of  1,500  ohms  has  a 
P.D.  of  12  volts  maintained  between  its  terminals.  How 
many  foot  pounds  of  energy  does  it  receive  per  minute  1 

Answer. — 4*25  foot  pounds  per  minute. 
Example  62. — What  current  at  100  volts'  pressure  will 
supply  1,000  foot  pounds  per  second  to  a  given  circuit? 

Foot  pounds  per  second  =  — ZJQ-  X  AV, 

.       ,       '           1000  x  60 
therefore  A  =  TJTOQ Yc\r\  amPeres- 

Ansiver.  —13*56  amperes. 

106.  Joule. — To  avoid  the  employment  of  a  numerical 
coefficient  in  the  equation  connecting  work  with  current, 
P.D.,  and  time,  the  work  done  per  second  when  a  current 
of  one  ampere  flows  through  a  circuit  between  the 
terminals  of  which  a  P.D.  of  one  volt  is  maintained,  is 
called  a  "joule ; "  therefore  J,  the  work  in  joules  done 
in  s  seconds  by  a  current  of  A  amperes  flowing  through 
a  circuit  between  the  terminals  of  which  a  P.D.  of  V 
volts  is  maintained,  is  given  by 

Consequently, 

1  joule  =  0-7372  foot  pounds  very  approximately, 
or      1  joule  =  107  "ergs"*  exactly. 

Example  63. — A  pressure  of  110  volts  is  maintained 
between  the  electric-light  mains  of  a  house,  and  twenty 
glow  lamps  in  parallel,  each  taking  a  current  of  0*3 
ampere,  are  turned  on  for  five  hours  nightly  for  thirty 
nights.  How  much  energy  in  joules  does  the  house 
receive  1 

*  An  erg  is  the  work  done  when  a  force  of  one  "  dyne  "  is  exerted 
through  one  centimetre ;  and  a  dyne  is  the  force  which,  exerted  on 
a  mass  of  one  gramme,  generates  each  second  a  velocity  of  one 
centimetre  per  second. 
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Answer.— 20  x  0-3  x  110  x  5  x  3600  x  30,  or  3564 
million  joules. 

107.  Heat  Produced  by  a  Current.— When  a  circuit 
acts  simply  like  a  resistance,  so  that  the  whole  of  the 
energy  given  up  by  a  current  flowing  through  it  is 
converted  directly  into  heat,  Ohm's  law  holds  in  its 
simple  form.  Hence,  if  o  be  the  resistance  in  ohms  of 
the  circuit,  A  the  current  flowing  through  it  in  amperes, 
and  V  be  the  P.D.  between  its  terminals  in  volts, 

V  =  Ao; 
so  that    AVs  —  A3  os, 

or  the  work  in  joules  done  by  a  current  of  A  amperes  in 
s  seconds  in  heating  a  circuit  of  o  ohms  equals  A2os. 
But  we  know  from  the  investigations  carried  out  by 
Joule — which  have  been  repeated  subsequently,  with 
even  greater  accuracy,  by  Prof.  Rowland  and  others — 
that  the  heat  required  to  raise  the  temperature  of  one 
pound  of  water  by  1°C.  when  the  water  is  at  15°0.  is 
the  equivalent  of  1400*4  foot  pounds  of  work.  There- 
fore, if  we  take  this  as  our  unit  of  heat,  it  follows,  since 
one  joule  equals  07372  foot  pound  very  approximately, 
that  H,  the  number  of  these  heat  units  generated  in  s 
seconds  in  the  circuit,  is  given  by 

H  =  0-000,526,4  A2os  very  approximately  ; 
or  if  m  be  the  time  in  minutes, 

H  =  0*031,59  A2  o  m  very  approximately. 

Lastly,  if  a  "  calorie  "  be  defined  as  the  heat  required  to 
raise  the  temperature  of  1  gramme  of  water  by  1°C. 
when  the  water  is  at  15°C.,  then  C,  the  number  of 
calories  generated  in  s  seconds  by  a  current  of  A  amperes 
in  a  resistance  of  o  ohms,  is  given  by 

C  —  0-2388  A?  os  very  approximately, 

or  the  number  of  calories  generated  in  m  minutes  is 
given  by 

C  =  14-33  A2  o  m  very  approximately. 
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108.  Measuring  the  Rate  of  Production  of  Heat  by 
a  Current. — The  formulae  given  in  the  last  section  may 
be  verified  by  sending  a  known  current  for  a  certain 
time  through  a  coil  of  wire  of  known  resistance 
immersed  in  a  measured  weight  of  water,  and  by 
observing  the  rise  of  temperature  with  a  delicate  ther- 
mometer. As,  however,  a  portion  of  the  current  passes 
through  the  water,  the  resistance  in  the  circuit  is  a  little 
smaller  than  that  of  the  coil  of  wire  ;  also  the  resistance 
may  vary  by  warming  during  the  course  of  the  experi- 
ment. Hence  greater  accuracy  will  be  obtained  if, 
instead  of  attempting  to  measure  the  resistance  of  the 
circuit  directly,  we  observe  from  time  to  time,  the  current 
that  flows,  say  A  amperes,  and  the  P.Btbetweeii  the 
terminals  of  the  coil,  say  V  volts  ;  then,  if  A'  and  V 
be  the  mean  value  of  the  current  and  the  pressure  during 
a  period  of  m  minutes,  the  electric  energy  that  has  been 
given  to  the  coil  and  water  during  that  time  is  A'V'ra 
joules,  which  must  therefore  be  proportional  to  the 
amount  of  heat  produced  in  that  time. 

If  the  product  AY  be  small,  electric  energy  will  be 
given  to  the  circuit  slowly ;  therefore  the  heat  will  be 
produced  in  it  slowly,  and  it  will  not  be  possible  to 
accurately  ascertain  the  amount  of  heat  generated  in  a 
given  time  without  allowing  for  the  heat  that  is  lost  by 
radiation,  convection,  and  conduction  during  the  ex- 
periment. If,  however,  the  product  AV  be  made  fairly 
large,  and  the  quantity  of  water  employed  in  the  experi- 
ment be  not  too  great,  the  time  taken  for  a  rise  of 
temperature  to  be  produced  that  can  be  accurately  read 
on  a  sensitive  thermometer  need  not  be  long  enough  for 
any  serious  loss  of  heat  to  occur.  Further,  if  the  vessel 
containing  the  water  be  made  of  very  thin  glass,  the  heat 
absorbed  in  raising  the  temperature  of  the  vessel  may  be 
neglected  unless  very  great  accuracy  is  desired ;  also,  if 
the  wire  be  composed  of  a  substance  of  high  specific 
resistance,  not  only  will  the  change  of  resistance  of  the 
coil  through  warming  become  negligible,  but  its  mass 
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may  be  small  and  still  a  considerable  amount  of  power 
may  be  given  to  it.  Hence  the  heat  absorbed  by  the 
coil  to  raise  its  own  temperature  may  be  so  small  com- 
pared with  the  heat  absorbed  by  the  water  that  the 
former  may  be  neglected  unless  very  great  accuracy  be 

desired. 

The  problem  of 
properly  propor- 
tioning the  parts, 
and  of  generally 
arranging  the  ap- 
paratus so  that  a 
beginner  may  ob- 
tain considerable 
accuracy  by  using 
it  without  it  being 
necessary  to  make 
any  corrections  for 
the  loss  of  heat 
by  radiation,  con- 
vection, and  con- 
duction, has  been 
worked  out  by  Mr. 
Haycraft,  formerly 
one  of  the  staff  at 
the  Central  Tech- 
nical College,  and 
the  author ;  and 
they  find  that  with 
the  apparatus  illus< 
trated  in  Figs.  152 

and  153,  which  fulfils  the  conditions  they  have  theoretic- 
ally arrived  at,  students  can  easily  obtain  results  not 
differing  by  as  much  as  one  per  cent,  from  the  truth. 

A  strip  of  manganin  about  ^  inch  wide,  0'03  inch 
thick,  and  about  10  feet  long,  is  wound  so  as  to  form  the 
top  and  bottom  of  a  sort  of  cylindrical  box,  M  M,  about 
5  inches  across  and  3  inches  high  (Figs.  152,  153),  the 


Fig.  152.— Calorimeter  used  in  Measuring  the 
Heat  Equivalent  of  Electric  Energy. 
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convolutions  of  the  strip  being  kept  from  touching  one 
another  by  being  screwed  to  a  light  framework  composed 
of  two  horizontal  strips  of  vulcanised  fibre,  F,  F,  joined  by 
three  thin  vertical  rods  of  ebonite,  E,  E,  E.  The  two  ends 
of  the  strip  are  soldered  to  two  stiff  vertical  copper  wires, 
c,  c,  about  0'128  inch  thick  and  6  inches  long,  the  soldered 


Fig.  153.— Apparatus  for  Measuring  the  Heat  Equivalent  of  Electric  Energy. 

joints  being  covered  over  with  varnish  to  prevent  galvanic 
action  taking  place  at  the  joint  (see  §  132,  page  428), 
and  the  strip  M  M,  and  the  upper  wires  c,  C  are  also 
varnished  to  prevent  electrolysis  being  produced  by  the 
current  leaking  through  the  water.  The  whole  is  im- 
mersed in  about  122  cubic  inches  or  2  litres  of  water 
contained  in  a  thin  glass  beaker,  GG  (Figs.  152,  153), 
which  is  just  wide  enough  to  take  the  framework  of 
manganin  strip,  and,  to  diminish  the  risk  of  this  beaker 
being  broken,  a  piece  of  felt  N  is  placed  between  it  and 
the  base  board  o  o. 
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Electric  connection  is  made  with  the  stiff  wires  c,  c 
by  means  of  two  insulated  very  flexible  leads,  L  L,  each 
composed  of  a  strand  of  about  210  thin  copper  wires,  the 
copper  wires  being  each  about  O'Oll  inch  thick.  The 
current  is  measured  with  an  accurately-calibrated  am- 
meter, A,  and  the  P.D.  set  up  between  the  upper  ends 
of  the  stiff  copper  wires  by  means  of  an  accurately- 
calibrated  voltmeter,  v  (Fig.  153). 

The  object  of  using  a  flat  conducting  strip  and 
forming  it  into  the  box  shape  seen  in  the  figures  is  to 
enable  the  conductor  itself  to  act  as  an  efficient  stirrer 
when  it  is  moved  up  and  down  in  the  water,  the  flexible 
leads  L,  L,  which  are  fastened  to  a  wooden  rod  p  p  fixed 
to  the  base  board  o  o,  as  shown  in  Fig.  153,  serving  as  a 
handle  to  hold  the  box  M  M  by.  The  heat  generated  in 
the  strip  is,  therefore,  given  off  fairly  uniformly  to  the 
water,  and  the  mean  temperature  can  be  read  with  con- 
siderable accuracy  on  a  single  stationary  thermometer,  t. 

When  the  apparatus  is  constructed  as  described,  a 
current  of  30  amperes  requires  a  P.D.  to  be  maintained 
between  the  binding  screws  B,  B  of  about  8-8  volts,  corre- 
sponding with  the  energy  given  to  the  apparatus  at  the 
rate  of  about  264  joules  per  second.  This  is  about  the 
rate  that  theory  shows  leads  to  most  accurate  results  when 
the  amount  of  water  used  is  2,000  cubic  centimetres, 
and  this  rate  of  expending  electric  energy  causes  a  rise 
of  the  temperature  of  the  water  of  about  7'5°C.  in  four 
minutes.  The  thickness  of  the  copper  wires  c,  c  has 
been  chosen  so  that  a  current  of  30  amperes  passing 
through  them  raises  their  temperature  also  by  about 
7'5°C.,  this  rise  of  temperature  being,  however,  a  con- 
stant, and  not  increasing  with  time,  except  during  the 
first  few  seconds  after  applying  the  current.  The  cross- 
section  of  the  strand  of  copper  wires  in  each  of  the 
covered  leads  L,  L  is  chosen  as  being  a  little  larger  than 
that  of  each  of  the  stiff  copper  wires  c,  c,  the  former 
being  about  0-0192  square  inch  and  the  latter  about 
0'0141  square  inch.  Hence  the  rise  of  temperature  in 
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the  covered  flexible  leads  is  also  about  7°C.,  and  by 
this  device  any  considerable  transference  of  heat  by 
conduction  into,  or  out  of,  the  manganin  strip  is  auto- 
matically prevented  when  a  current  of  about  30  amperes 
is  passing  for  four  minutes. 

It  is  partly  for  the  reason  just  given  that  the 
apparatus  illustrated  in  Figs.  152  and  153,  when  con- 
structed with  the  dimensions  described,  enables  results 
to  be  obtained  with  currents  of  about  30  amperes  which 
differ  from  the  truth  by  less  than  1  per  cent.  ;  a 
sample  of  a  set  of  results  actually  obtained  by  students 
at  the  Central  Technical  College  being  given  in  the 
following  table.  But  the  error  is  not  much  greater 
when  currents  of  20  or  40  amperes  are  used  correspond- 
ing with  rates  of  production  of  heat  respectively  about 
half  as  great  and  twice  as  great  as  when  a  current  of 
30  amperes  is  employed. 


Time  in 

Temperature  C°. 

Current 

Mean  P.D. 

Calories 

Seconds. 

Initial, 

Final.           Rise. 

peres. 

in  Volts. 

per  Joule, 

120 

18-40 

22-02 

3-62 

30 

8-634 

0-2383 

180 

13-25 

18-70 

5-45 

30 

8-634 

0-2390 

ISO 

13-60 

19-00 

5-40 

30 

8-648 

0-2367 

120 

12-97 

16-53 

3-56 

30 

8-656 

0-2375 

120 

12-64 

16-26 

3-62     |     30 

8-698 

0-2365 

120 

12-89 

16-49 

3-60 

30 

8-662 

0-2364 

120 

12-11 

15-72 

3-61 

30 

8-666 

0-2368 

120 

12-10 

15-74 

3-64 

30 

8-642 

0-2395 

120 

13-13 

16-75 

3-62 

30 

8-692 

0-2367 

Mean  0-2375. 

Average  deviation  from  the  mean  =  O'OOl  =  0'42 
per  cent. 

Now  we  saw  in  §  107  that  the  true  number  of  calories 
per  joule  was  about  0'2388,  hence  no  one  of  the  pre- 
ceding results  obtained  by  the  students  differs  by  more 
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than  1  per  cent,  from  the  truth,  while  the  mean  of  the 
nine  observations  gives  a  result  which  has  an  error  of 
only  about  one  half  per  cent.     Consequently  the  result 
aimed  at  in  designing  this  apparatus  has  been  achieved. 
In  carrying  out  the  investigation  we  may  vary  either — 

(1)  The  time  during  which  the  current  is  allowed  to  flow ; 

(2)  The  current  made  to  flow  through  the  strip ; 

(3)  The  resistance  of  the  conductor   by    using   similar 

stirrers   made   of  somewhat   thicker   or   thinner 
manganin  strip ; 

and  when  a  series  of  experiments  is  made  varying  each 
of  these  three  conditions,  one  at  a  time,  it  is  found  that 
the  rise  of  temperature  of  the  water,  and  therefore  the 
amount  of  heat  produced,  is  proportional  to  the  time, 
proportional  to  the  square  of  the  current,  and  propor- 
tional to  the  ratio  of  V  to  A — that  is,  to  the  resistance 
of  the  arrangement.  Further,  if  we  take  as  the  calorie 
the  heat  required  to  raise  the  temperature  of  1  gramme 
of  water  by  1°C.  when  the  water  is  at  a  temperature  of 
about  15°,  we  find  that  the  relationship  between  the  number 
of  calories,  the  current  in  amperes,  the  resistance  in  ohms, 
and  the  time  is  practically  that  given  in  the  last  section. 

Example  64. — A  current  of  30  amperes  is  passed 
through  a  coil  of  wire  immersed  in  water  for  five 
minutes,  a  voltmeter  reading  10 -3  volts  at  its  terminals. 
The  volume  of  water  is  2,000  cubic  centimetres,  and  the 
temperature  rises  from  15-7°  to  26'66°C.  What  result 
does  the  experiment  give  for  the  heat  equivalent  of  one 
joule  in  calories  1 

Answer.  — 0'2364,  a  result  about  one  per  cent,  too 
low,  no  corrections  having  been  made  for  cooling  during 
the  experiment. 

Example  65. — A  temporary  resistance  is  made  by 
putting  a  coil  of  wire  of  4  ohms'  resistance  into  a  wooden 
bucket  containing  37  pounds  of  water.  If  a  current  of 
40  amperes  be  sent  through  the  coil,  what  about  will  be 
the  rise  of  temperature  of  the  water  in  the  first  three 
minutes?  Answer. — 16°C. 


Chap.  V.]  POWER.  325 

109.  Power. — "Power"  is  the  name  given  to  the 
rate  of  doing  work — that  is,  the  rate  of  transformation  of 
one  form  of  energy  into  another — and  it  must  be  carefully 
distinguished  from  the  amount  of  work  done,  there  being 
the  same  sort  of  difference  between  power  and  work  that 
there  is  between  a  velocity  and  a  distance.  The  word 
power  was,  however,  used  in  the  older  books  on  dynamics 
to  stand  for  the  applied  force,  and  that  is  the  meaning 
of  the  vfordpower  in  such  expressions  as  "the  mechanical 
advantage  of  a  machine  is  the  ratio  of  the  weight  to  the 
power."  Again,  the  word  power  is  sometimes  wrongly 
used  for  energy,  as  in  the  expression  the  "  storage  of 
power."  Beginners  must,  therefore,  be  on  their  guard 
against  being  misled  by  such  loose  expressions,  and  they 
should  never  employ  the  name  power,  or  "  activity,''  as 
suggested  by  Lord  Kelvin,  in  any  other  meaning  than 
the  rate  of  doing  work.  In  that  sense,  of  course,  power 
cannot  be  stored,  for  while  a  certain  quantity  of  water 
in  a  reservoir  at  the  top  of  a  hill  represents  a  certain 
store  of  energy,  the  power  that  this  water  can  exert  at 
any  time  when  flowing  out  of  the  reservoir  will  depend 
on  the  rate  at  which  it  is  allowed  to  flow. 

When  work  is  being  done  at  a  constant  rate  the 
power  is  constant,  and  it  is  measured  by  dividing  the 
number  which  expresses  the  work  done  in  any  time  by 
the  number  expressing  the  time.  If,  however,  the  rate 
of  doing  work  at  one  moment  is  greater  than  at  another 
— for  example,  when  a  person  runs  upstairs  quickly  at 
first  and  then  more  slowly — we  do  not  mean  by  the 
power  expended  at  any  moment,  the  actual  work  done  in 
a  minute  or  even  in  a  second,  for  the  rate  of  doing  work 
may  be  changing  very  rapidly.  In  such  a  case  the  power 
at  any  time  is  the  limiting,  value  of  a  ratio  obtained 
thus  : — Measure  the  work  done  in  a  very  short  time,  a 
portion  of  which  precedes,  and  the  remainder  of  which 
follows,  the  instant  at  which  we  wish  to  measure  the 
power ;  divide  the  work  done  in  the  very  short  time  by 
that  time,  then  this  ratio  more  and  more  nearly  represents 
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the  power  being  expended  at  the  moment  in  question, 
as  we  make  the  very  short  time  shorter  and  shorter. 

When,  however,  electric  energy  is  being  transformed 
into  some  other  form  of  energy,  the  power  may  be  very 
easily  ascertained  whether  the  rate  of  doing  work  is 
constant  or  not  without  it  being  necessary  to  measure  a 
,  small  time.  For  the  work  done  in  m  minutes  by  a  con- 
stant current  of  A  amperes  flowing  through  a  circuit 
under  a  constant  P.D.  of  V  volts  equals 

44-23  AVm  foot  pounds, 

provided  that  there  is  no  apparatus  in  the  circuit  that 
gives  energy  to  the  current  instead  of  receiving  energy 
from  it  ;  therefore  the  rate  of  doing  work  in  foot  pounds 

per  minute  equals  4  .  no   A  Ar 

44-23  AV, 

or  the  rate  of  doing  work  in  joules  per  second  equals 
simply  ' 


Hence,  if  at  any  moment  we  measure  the  current  and  the 
P.D.  simultaneously,  the  product  of  the  two  measure- 
ments gives  us  the  instantaneous  value  of  the  power 
being  expended  at  that  moment,  and  no  measurement  of 
time  need  be  made.  Hence  the  rate  of  transformation 
of  electric  into  some  other  form  of  energy  may  be 
varying,  but  as  long  as  it  is  not  varying  so  rapidly  as  to 
prevent  accurate  readings  of  an  ammeter  and  voltmeter 
being  taken,  the  instantaneous  value  of  the  power  can  be 
ascertained  at  any  moment. 

110.  Watt.  —  When  work  is  being  done  at  the  rate  of 
one  joule  per  second  the  power  exerted  is  called  a  "ivatt"; 
therefore  the  power  of  one  watt  is  developed  when  work 
is  done  at  the  rate  of 

107  ergs  per  second, 
or    1  joule  per  second, 

or    0-7372  foot  pound  per  second  very  approximately, 
or    44-23  foot  pounds  per  minute  very  approximately  ; 
and  since  when  work  is  being  done  at  the  rate  of  550  foot 
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pounds  per  second,  or  33,000  foot  pounds  per  minute,  one 
"horse-power"  is  said  to  be  exerted, 

1  watt  =  l/746th  of  a  horse-power  very  approximately, 
1  kilowatt  =  1000/746th,  or  1-340,  of  a  horse-power 

very  approximately, 
.  •.  1  kilowatt  =  1|  horse-power  roughly. 

Further,  if  W  be  the  power  in  watts  expended  in  a 
circuit  between  the  ends  of  which  a  P.D.  of  V  volts  is 
maintained  and  through  which  a  steady  current  of 
A  amperes  is  flowing, 

W  =  AV, 

provided  that  the  circuit  contains  no  apparatus  that  gives 
energy  to  the  current  instead  of  receiving  energy  from  it. 
Also,  if  W  be  the  power  in  watts  expended  in  heating 
a  circuit  of  resistance  o  ohms  through  ivhich  a  current  of 
A  amperes  is  flowing, 

W  =  A20. 

Example  66. — What  power  in  watts  is  expended  in 
the  arc  lamp  and  in  the  resistance  coil  referred  to  in 
Examples  60  and  61  1 

Answer. — 600  watts,  and  0'096  watt  respectively. 

Example  67. — What  power  in  kilowatts  is  expended 
in  the  coil  in  Example  65  1  Answer. — 6 -4  kilowatts. 

Example  68. — The  adjoining  figure  shows  the  "load 
diagram"  of  a  central  station  for  December — i.e.,  the 

LOAD    DIAGRAM.      DECEMBER. 


1000 


500 


12 

HOURS 


12 

P.M. 
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curve  giving  the  output  of  the  station  in  amperes 
throughout  the  twenty-four  hours.  If  the  station  pres- 
sure is  210  volts,  what  is  the  output  in  H.P.  (horse- 
power) at  7  a.m.,  12  noon,  5  p.m.,  and  10  p.m.  1 

Answer.— 36  H.P.,  11  H.P.,  233  H.P.,  and  140  H.P. 
respectively. 

Example  69. — Two  glow  lamps,  each  giving  16-candle 
power,  take  2 -7 5  and  3-5  watts  per  candle  respectively. 
How  many  lamps  can  be  supplied  per  horse-power 
expended  in  the  two  cases,  and  how  many  candles  per 
horse-power  will  they  give  1 

Answer. — Seventeen  and  thirteen  lamps  respectively; 
about  272  and  208  candles. 

Example  70.— How  many  candles  per  horse-power 
are  given  by  an  arc  lamp  taking  11  amperes  and  50  volts, 
and  giving  a  mean  candle-power  of  570  in  all  directions  1 
Answer. — 773  candles  per  horse-power. 

111.  Wattmeter:  its  Principle. — The  power  that  is 
being  given  by  a  steady  current  to  a  circuit  can  be  ascer- 
tained from  simultaneous  readings  of  an  ammeter  and  of 
a  voltmeter.  Hence  when,  in  addition  to  measuring  the 
power,  we  desire  to  ascertain  also  the  current  flowing 
through  the  circuit  or  the  P.D.  between  its  terminals, 
the  simplest  method  of  measuring  the  power  is  to  use  an 
ammeter  and  a  voltmeter.  Consequently,  when  the 
"  wattmeter  " — an  instrument  which  enables  the  power 
given  to  a  circuit  to  be  read  off  directly  in  watts  from  a 
single  observation — was  first  described  and  constructed 
in  England  by  Prof.  Perry  and  the  author  in  1881, 
it  did  not  appear  that  this  instrument  could  have  any 
very  general  application.  Later  on,  however,  it  was 
realised  that  when  a  current  is  rapidly  varying,  as  it  is 
in  the  case  of  the  distribution  of  electric  energy  by  an 
" alternating  current" — that  is,  a  current  whose  direction 
varies  many  times  per  second, — the  mean  value  of  the 
power  given  by  the  current  to  the  circuit  cannot  generally 
be  measured  by  taking  simultaneous  readings  of  an 
ammeter  and  voltmeter.  For,  although  the  power  in 
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watts  that  is  being  given  to  the  circuit  at  any  instant  is 
always  equal  to  the  product  of  the  instantaneous  value  of 
the  current  in  amperes  into  the  instantaneous  value  of 
the  P.D.  in  volts,  the  mean  value  of  the  power  during 
any  time  is  generally  not  equal  to  the  product  of  the 
mean  value  of  the  current  during  that  time  multiplied  by 
the  mean  value  of  the  P.D. 

In  all  cases,  however,  no  matter  in  what  way  the 
current  may  periodically  vary  in  strength,  the  'mean 
value  of  the  power  is  given  accurately  by  the  reading 
of  a  properly-constructed  ivattmeter,  provided,  of  course, 
that,  although  the  current  may  be  rapidly  varying,  the 
mean  value  of  the  power  remains  constant  for  a  sufficient 
length  of  time  for  a  reading  of  the  wattmeter  to  be 
accurately  ascertained.  The  wattmeter  has,  therefore, 
acquired  a  new  importance,  since  not  only  in  the  case  of 
a  steady  current  is  it  possible  from  a  single  reading  of  a 
wattmeter  to  measure  what  the  simultaneous  readings  of 
two  instruments  together  give  us,  but  in  the  case  of 
rapidly- varying  currents  the  wattmeter  measures  directly 
what  generally  cannot  bo  ascertained  at  all  from  simul- 
taneous readings  of  an  ammeter  and  voltmeter. 

A  wattmeter  contains  two  coils,  c  c,  c  c  (Fig.  154), 
one  being  fixed  and  the  other  movable.  One  of  the  coils, 
c  c,  which  consists  of  a  few  turns  of  thick  wire,  is 
inserted  in  the  main  circuit ;  while  the  other  coil,  c  c, 
consisting  either  of  many  turns  of  fine  wire,  or,  better,  of 
a  few  turns  of  fine  wire  in  series  with  a  stationary  high 
resistance,  w,  is  connected  as  a  shunt  to  that  portion  of 
the  circuit  L  M  the  power  given  to  which  we  desire  to 
measure.  The  current  passing  through  cc  is  therefore 
proportional  to  the  P.D.  between  the  ends  of  L  M,  while 
the  current  passing  through  c  c  is  the  sum  of  the  currents 
flowing  through  L  M  and  through  c  c.  If,  however,  the 
resistance  of  the  fine-wire  circuit  of  the  wattmeter  is 
very  large,  the  current  passing  through  it  will  be  very 
small  compared  with  the  current  flowing  through  L  M,  so 
that  the  current  passing  through  c  c  will  be  practically 
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that  flowing  through  LM.  Hence  the  part  of  the  watt- 
meter between  the  terminals  T15  T2  acts  as  an  ammeter, 
while  that  between  the  terminals  tl9  t2  serves  as  a  volt- 
meter. Consequently  the  product  of  the  currents  in  c  C 
and  c  c  is  proportional  to  the  power  given  to  L  M.  But 
this  product  is  directly  proportional  to  the  couple  exerted 
between  these  two  coils  if  the  coils  be  always  brought 
into  the  same  position  relatively  to  one  another.  Hence 
the  power  to  be  measured  is  proportional  to  the  torque 
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*'ig.  154.— Uiuyi-am  of  Wattmeter. 

that  must  be  exerted  on  the  movable  coil  of  the  wattmeter 
to  keep  it  in  a  fixed  position  relatively  to  the  stationary 
coil. 

The  torque  required  to  be  exerted  on  the  suspended 
coil  c  c  in  order  to  maintain  it  in  a  fixed  position  rela- 
latively  to  the  stationary  coil  c  c,  may  be  conveniently 
produced  by  turning  the  head  H  and  the  pointer  p 
attached  to  it.  This  twists  the  vertical  wire  supporting 
the  movable  coil  as  the  upper  end  of  this  wire  is  rigidly 
fastened  to  the  head  H.  And,  since  the  angle  through 
which  one  end  of  a  wire  is  twisted  relatively  to  the 
other  end  is  directly  proportional  to  the  torque  exerted, 
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the  power  given  electrically  to  the  portion  of  the  circuit 
LM  will  be  directly  proportional  to  the  angle  through 
which  the  pointer  p  has  been  turned  to  keep  the  coil  c  c 
in  the  position  it  occupied  when  no  current  was  passing 
through  the  coils. 

Another  way  of  joining  up  a  wattmeter  is  to  connect 
tlt  t^  the  terminals  of  the  fine-wire  circuit,  to  L  and  T2 
respectively,  so  that  the  fine-wire  circuit  is  a  shunt  to 
both  L  M  and  the  thick-wire  coil  c  c  of  the  wattmeter.  In 
that  case  the  current  passing  through  c  c  will  be  accu- 
rately the  current  that  flows  through  L  M,  but  the  current 
passing  through  c  c  will  now  be  proportional  to  the  P.D. 
between  the  points  L  and  T2,  and  not  between  the  points 
L  and  M.  The  difference  between  these  two  P.Ds.  will, 
however,  be  very  small  if  the  power  spent  in  sending  the 
current  through  c  C  is  very  small  compared  with  the 
power  spent  in  sending  it  through  L  M,  and  this  result 
can  be  practically  attained  by  making  the  resistance  of 
the  coil  c  c  as  small  as  possible. 

112.  Commercial  Forms  of  Wattmeters.  —  Com- 
mercial wattmeters  based  on  the  principle  described 
in  the  last  section  have  been  constructed  by  several 
people.  A  compact  form,  designed  by  Mr.  Swinburne, 
is  seen  in  Fig.  155,  which  shows  the  instrument  with 
the  outer  cylindrical  cover  removed  so  that  the  in- 
terior may  be  visible.  The  stationary  coil  c  is  made 
in  two  sections,  the  front  one  having  been  removed  in 
the  figure  so  that  the  suspended  coil  c  can  be  better  seen. 
The  position  of  this  suspended  coil  is  sighted  by  means 
of  a  small  pointer,  which  is  rigidly  attached  to  the 
bottom  of  the  vertical  rod  hanging  down  from  the  small 
moving  coil  c,  and  when  a  measurement  is  made  the 
milled  head  H  is  turned  until  the  small  pointer  is  exactly 
over  a  black  line  marked  on  a  polished  brass  plate,  which 
is  fixed  to  the  base  of  the  instrument  just  under  the 
little  pointer.  Parallax  is  avoided  by  the  pointer  and 
this  wire  being  looked  at  through  a  small  window  w  w  in 
the  dial  plate  at  the  top  of  the  wattmeter. 
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Instead  of  measuring  the  torque  that  has  to  be 
exerted  to  keep  the  suspended  coil  in  its  initial 
position  as  in  using  the  wattmeters  shown  in  Figs. 
154  and  155,  we  may  observe  the  angle  through 
which  the  moving  coil  is  turned  against  the  action  of 

a  spring  or  gravity. 
A  gravity  denection- 
al  wattmeter  based 
on  this  principle, 
and  constructed  by 
Lord  Kelvin,  is 
seen  in  Fig.  156. 
The  power  to  be 
measured  will  not 
be  directly  propor- 
tional to  the  angle 
through  which  the 
pointer  attached  to 
the  movable  coil 
turns,  but  the  de- 
gree scale  seen  in 
Fig.  156  can  be 
calibrated  absolutely 
by  sending  various 
known  currents 
through  the  two 
coils  respectively, 
and  a  direct  read- 
ing scale  can  then 
be  constructed  by 
a  process  similar  to  that  described  in  §  15,  page  58. 

Example  71. — In  a  certain  wattmeter  it  is  found 
that  the  head  must  be  turned  through  125°  to  bring 
the  pointer  to  zero,  when  the  current  in  the  main 
coil  is  20  amperes  and  the  P.D.  between  the  ends  of 
the  shunt  coil  is  120  volts.  How  much  must  the 
head  be  turned  to  bring  the  pointer  to  zero  if  the 
wattmeter  is  measuring  the  power  taken  by  a  resistance 


Fig.  155.— Swinburne  Wattmeter,  with  cover 
removed. 
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of  7 '3  ohms  through  which  a  current  of  30  amperes 
is  passing  ? 

The  wattmeter  reading  is  proportional  to  the  product 
of  the  currents  in  the  two  coils,  and  the  current  in  the 
shunt  coil  is  proportional  to  the  P.I),  between  its  terminals, 


Jig.  156.— Kelvin  Deflectional  Wattmeter. 

which  is  7 '3  x  30,  or  219  volts  in  the  second  case.    Hence, 
if  6  is  the  angle  through  which  the  head  must  be  turned, 

_0_    _  30  x  219 
126  ~  20  x  120* 

Answer. — The  head  must  be  turned  through  342°. 

Example  72. — If  the  resistance  of  the  shunt  coil  in  the 
above  wattmeter  is  6,542  ohms,  what  additional  resistance 
in  the  shunt  circuit  will  make  the  constant  of  the  instru- 
ment 20  watts  per  degree  1  Answer. — 272 '6  ohms. 
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Example  73. — If  the  current  passing  through  the 
circuit,  the  power  given  to  which  we  desire  to  measure, 
is  20  amperes,  while  the  P.D.  maintained  between  its 
terminals  is  30  volts,  and  if  the  resistances  of  the  thick- 
wire  coil  and  of  the  fine-wire  circuit  of  a  wattmeter  are 
O'Ol  and  1,000  ohms  respectively,  calculate  the  error  that 
will  be  made  by  using  the  wattmeter  when  joined  up  in 
the  two  ways  described  in  §  111. 

Answer. — When  the  wattmeter  is  joined  up  as  shown 
in  Fig.  154  the  current  passing  through  the  thick- wire 

30 
coil  c  c  will  be  20  + amperes  instead  of  20  amperes 

— that  is,  will  be  0'15  per  cent,  too  large;  therefore  the 
power  measured  by  the  wattmeter  will  be  0*15  per  cent, 
greater  than  the  power  given  to  the  circuit  L  M.  If,  on 
the  other  hand,  the  wattmeter  be  joined  up  as  described 
at  the  end  of  §  111,  the  current  passing  through  the  fine- 
wire  circuit  of  the  wattmeter  will  be  produced  by  a 
P.D.  of  30  -|-  20  x  0-01,  or  30'2  volts  instead  of  30  volts, 
the  0'2  volt  being  the  P.D.  expended  in  sending  the 
current  through  c  c.  Hence  the  current  through  the 
fine-wire  circuit,  and  therefore  the  power  measured  by 
the  wattmeter,  will  be  0-67  per  cent,  too  large.  Conse- 
quently the  former  method  of  joining  up  the  wattmeter 
would  give  the  more  accurate  result  in  this  particular  case. 

113.  Joulemeter:  Clock  Form. — As  shown  by  Pro- 
fessor Perry  and  the  author  in  1882,  any  pendulum 
clock  can  be  easily  converted  into  a  "Joulemeter ;"  that 
is,  into  an  instrument  which  records  the  energy  given  to 
an  electric  circuit  in  any  definite  time,  and  Fig.  157 
illustrates  the  first  electric  energy  meter,  called  originally 
an  "ergmeter"  that  was  constructed  in  this  way. 

The  ordinary  pendulum  bob  is  replaced  by  a  bobbin 
B,  on  which  is  wound  a  coil  of  fine  wire,  the  coil  being 
wound  on  in  two  parts,  c,  c,  for  convenience  of  attachment 
of  the  bobbin  to  the  pendulum  rod.  These  two  halves 
of  the  fine- wire  coil  are  joined  in  series  with  one  another, 
and  the  terminals  of  this  coil,  ^,  £2>  are  connected  as  a  shunt 
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with  that  portion  of  the  circuit  L  M,  the  energy  given  to 
which  we  desire  to  record.  Fixed  to  the  clock  case  in 
the  position  shown  is  a  coil  consisting  of  a  few  turns  of 
thick  wire  ;  this  coil  being  also  constructed  in  two  parts 
c,  c,  so  that  the  pendulum  coil  may  swing  symmetrically 
between  them.  These  two  halves  of  the  thick-wire  coil 


Fig.  157.— Ayrton  and  Perry's  Original  Gaining  Clock  Joulemeter. 

are  joined  in  series  with  one  another,  and  the  terminals 
of  this  coil,  TJ,  T2,  are  connected  up  as  shown,  so  that  the 
main  current  through  L  M  passes  through  the  stationary 
coil  c  c.  Currents,  then,  now  both  round  the  moving 
coil  c  c  and  the  stationary  coil  c  c,  and  produce,  therefore, 
an  attraction  or  a  repulsion  between  these  coils,  depend- 
ing on  whether  the  coils  are  joined  up  so  that  the 
currents  circulate  round  them  in  the  same  direction  or 
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in  opposite  directions.  The  force  exerted  between  the 
coils  will  vary  with  their  relative  positions,  but  its  mean 
value  will  be  proportional  to  the  product  of  the  currents 
flowing  in  the  two  coils ;  that  is,  it  will  be  proportional 
to  the  power  given  to  the  part  of  the  circuit  L  M. 

The  action  of  this  force  on  the  swinging  pendulum 
will  be  approximately  the  same  as  if  the  action  of  gravity 
had  been  increased  or  diminished ;  hence,  if  the  coil  be 
joined  up  so  that  there  is  an  attraction,  the  clock  will  be 
caused  to  gain,  whereas  if  the  ends  of  the  fine-wire  coil 
be  interchanged  the  clock  will  lose.  And  if  this  force  is 
small  compared  with  the  weight  of  the  pendulum  bob  it 
may  be  shown  in  the  following  way,  that  the  total  gain  or 
loss  of  the  clock  in  any  period  is  directly  proportional  to 
the  energy  given  electrically  to  the  circuit  in  that  period. 

The  number  of  semi-vibrations  N  that  a  pendulum 
makes  in  s  seconds — 

equals    — 

7T 

where  I  is  the  moment  of  inertia  of  the  pendulum  about 
its  axis  of  rotation,  and  M  has  such  a  value  that  M  sin.  9 
equals  the  torque  tending  to  pull  the  pendulum  into  a 
vertical  position  when  it  has  been  deflected  through  any 
angle  6  from  that  position.  Now  M  consists  of  two 

parts  Mj  and  i  M2,  the  former  being  due  to  the  action 
of  gravity  alone,  while  the  latter  is  approximately  pro- 
portional to  W,  the  power  in  watts  given  to  the  circuit, 
and  may,  therefore,  be  written  as  k  W. 

Hence,  if  the  coils  be  joined  up  so  that  the  clock  gains, 
and  if  W  is  constant  during  the  6-  seconds — 

~*v  '  ~r 

or,  expanding  by  the  use  of  the  binomial  theorem, 
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Now  the  number  of  convolutions  of  wire  on  the  two 
coils,  and  their  distance  apart,  are  arranged  so  that  even 
when  the  maximum  power  that  the  joulemeter  is  intended 
to  be  used  with  is  given  in  the  circuit,  M3  is  small  com- 
pared with  Mr  Hence,  for  practical  purposes  the  terms 
involving  the  square  and  higher  powers  of  M2  may  be 
neglected,  and  approximately  we  may  say — 

i*  + 1  M/V 

If,  therefore,  Nx  be  the  number  of  semi-vibrations 
which  the  joulemeter  pendulum  would  make  in  s  seconds 
when  no  current  is  flowing  round  the  coils,  and  N0  be 
the  number  it  makes  in  the  same  time  while  a  power  of 
W  watts  is  being  furnished  to  the  circuit  under  con- 
sideration,— 


But,  if  the  clock  be  initially  adjusted  to  keep  true  time 
when  no  current  is  flowing  through  the  coil,  N2  —  Nj  is 
proportional  to  the  gain  of  the  clock  in  s  seconds,  also 
s  W  is  proportional  to  the  energy  in  joules  supplied  to 
the  circuit  in  s  seconds ;  therefore  it  follows  that,  as  long 
as  the  power  which  is  supplied  remains  constant  and  is 
not  too  large,  the  gain  in  the  clock  is  directly  propor- 
tional to  the  energy  supplied.  Now  during  the  next 
period  of  s'  seconds  when  the  power  supplied  is,  say,  W 
watts,  the  gain  in  the  clock  will  bear  the  same  proportion 
to  s'  W  (the  energy  supplied  in  s'  seconds)  that  the 
previous  gain  bore  to  the  energy  supplied  in  s  seconds, 
and  so  on  for  any  number  of  periods  short  or  long  during 
any  one  of  which  the  power  remains  constant.  There- 
fore, adding  together  all  the  gains  and  all  the  amounts  of 
energy  supplied  in  any  interval — a  day,  a  week,  or  a 
month — the  total  gain  of  the  joulemeter  will  be  directly 
proportional  to  the  total  amount  of  energy  that  has  been 
given  to  the  circuit  in  that  interval,  whether  the  energy 
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has  been  supplied  at  a  constant  or  at  a  variable  rate, 
provided  that  the  rate  of  supply  has  at  no  time  been  so 
great  as  to  make  M2  more  than  a  small  fraction  of  Mr 
And  experience  shows  that  this  direct  proportionality 
between  the  gain  of  the  clock  and  the  amount  of  energy 
supplied  remains  sufficiently  true  for  practical  purposes  as 

long  as  the  gain  of  the  clock 
produced  by  the  electro- 
magnetic attraction  on  the 
pendulum  coil  does  not  ex- 
ceed about  2*6  minutes  per 
hour. 

To  measure,  then,  the 
energy  given  to  the  electric 
lamps,  motors,  &c.,  in  a 
house  during  any  interval, 
we  have  merely  to  insert 
the  thick- wire  coil  c  c  of 
the  joulemeter  in  one  of  the 
house  mains  and  connect 
the  fine-wire  coil  cc  across 
the  house  mains,  when  the 
gain  or  loss  of  the  joulemeter 
in  the  interval  (after  allow- 
ing, of  course,  for  any  gain 
or  loss  that  arises  from  the 
two  clocks  not  being  exactly 
"synchronised,"  or  adjusted 
to  keep  exactly  the  same 

time  when  no  currents  are  flowing  in  the  coils)  multiplied 
by  the  constant  of  the  particular  instrument  will  give  the 
energy  in  joules  that  the  house  has  received. 

If  the  P.D.  between  the  ends  of  the  swinging  coil 
be  kept  constant — that  is  to  say,  if  the  energy  be  supplied 
at  practically  constant  pressure,  which  is  the  condition 
aimed  at  in  the  parallel  method  of  supplying  a  district 
with  electric  energy — the  pendulum  coil  acts  as  if  it  were 
a  permanent  magnet,  and  it  may  therefore  be  replaced 


Fig.  158.—  Swinging  Permanent 
Magnet-Pendulum  accelerated 
by  a  Current  flowing  around 
the  Coil. 
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Fig.  159.— Aron  type  of  Ayrtou  ami  Perry's  Gaining  Clock  Joulemeter. 
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by  a  permanent  magnet  N  s,  as  in  Fig.  158.  This  magnet 
is  supported  by  a  stiff  wire  r,  which  is  joined  by  a  piece 
of  flat  spring  s  to  an  ordinary  pendulum  attachment  p, 
and  the  magnet  swings  pendulum-wise  over  a  stationary 
coil  c  round  which  the  main  current  flows. 

Further,  if  instead  of  observing  the  gain  or  the  loss  of 
the  meter  in  any  interval  by  comparing  its  indication  at 
the  beginning  and  end  of  the  interval  with  a  good  clock  or 


K' 


A 

Fig.  160.— Differential  Gearing  of  the  Aron  Supply  Meter. 

watch,  we  may  place  two  clocks  inside  the  "supply  meter," 
as  seen  in  Fig.  159,  one  clock  being  an  ordinary  one  and 
the  other  a  clock  having  for  its  pendulum  a  permanent 
magnet  swinging  near  a  stationary  coil,  through  which 
passes  the  main  current  flowing  through  the  house,  the 
energy  given  to  the  house  in  any  time  will  then  be 
directly  proportional  to  the  difference  between  the 
number  of  vibrations  that  the  two  clocks  have  made  in 
the  interval.  This  difference  can  be  read  off  on  a  count- 
ing mechanism  like  that  used  on  a  gas  meter  if  the 
staff  FF  driving  this  counting  mechanism  be  connected 
by  means  of  "differential  gearing"  (Fig.  160)  with  the 
two  clocks. 

The  staff  F  F  (Fig.  1 60)  is  rigidly  connected  with  the 
balanced  arm,  A  A,  which  carries  at  one  end  a  pinion  p  p. 
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This  pinion  gears  into  two  crown  wheels  K  K,  K'K',  turn- 
ing loosely  on  the  staff  F  F.  These  crown  wheels  have 
also  teeth  cut  on  their  circumferences  like  ordinary 
toothed-wheels,  and  these  toothed- wheels  are  geared  with 
the  two  clocks  respectively,  one  wheel  being  rotated  by 
one  of  the  clocks  righthandedly  and  the  other  left- 
handedly.  When  no  electric  energy  is  being  supplied  to 
the  circuit  L  M  (Fig.  157,  page  335),  the  crown  wheels  are 
driven  by  the  clocks  at  equal  rates,  the  pinion  P  P  there- 
fore is  simply  turned  round  on  the  arm  A  A,  but  the  arm 
itself  is  not  moved.  But  when  energy  is  supplied  to  the 
circuit  the  clock  with  the  magnetic  pendulum  goes  faster, 
the  crown  wheel  driven  by  it,  therefore,  also  rotates 
faster  than  the  other  crown  wheel,  and  the  pinion  PP 
not  only  is  rotated  on  the  arm  A  A,  but  the  arm  itself, 
and  the  staff  F  F  attached  to  it,  are  driven  round,  and 
move  on  the  dial  hands,  at  a  rate  depending  on  that  at 
which  electric  energy  is  supplied  to  the  circuit. 

The  arrangement  just  described  has  been  employed 
by  Dr.  Aron  in  the  construction  of  some  hundreds  of 
thousands  of  supply  meters  during  the  last  few  years. 

114.  Joulemeter :  Motor  Form. — In  the  last  section 
was  described  the  method  of  recording  the  sum  of  the 
products  of  the  power  into  the  time ;  that  is,  the  total 
amount  of  electric  energy  given  to  a  circuit  by  using  the 
attraction  between  the  current  and  pressure  coils  of  a 
wattmeter  to  alter  the  rate  of  going  of  a  clock.  But,  as 
pointed  out  by  Prof.  Perry  and  the  author  in  1882,  in  the 
same  patent  specification,  this  attraction  may,  instead, 
be  employed  to  drive  the  counting  mechanism,  and  give 
a  direct  record  of  the  energy  supplied  to  any  circuit  if 
the  current  and  pressure  coils  be  made  to  form  the 
stationary  and  moving  parts  respectively  of  an  electro- 
motor without  iron,  and  if  the  rotation  of  the  motor  be 
resisted  by  a  torque  proportional  to  the  velocity  of  rota- 
tion. This  principle  has  been  used  by  Prof.  Elihu  Thomson 
in  the  construction  of  a  very  large  number  of  joulemeters. 
For  some  reason  this  instrument  as  constructed  by  Prof. 
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Elihu  Thomson  has  been  called  a  "  recording  wattmeter;  " 
this  name  is,  however,  a  misnomer,  since  it  is  the  total 
amount  of  energy  in  joules,  and  not  the  variations  of  the 
power  in  watts,  which  the  instrument  records. 

It  is  impossible  to  obtain  continuous  motion  by  the 
mutual  action  of  the  currents  in  two  coils  unless  the 
current  in  one  of  the  coils,  at  any  rate,  be  periodically 
reversed.  For,  suppose  currents  flow  round  two  coils  in 
such  directions  that  the  coils  attract  one  another,  the 
coils,  if  one  or  both  of  them  be  free  to  move,  will  approach 
one  another,  the  force  of  attraction  will  rapidly  increase, 
causing  them  to  finally  rush  together,  when  they  will 
press  against  one  another,  and  any  further  motion  will 
be  clearly  impossible.  On  the  other  hand,  if  the  directions 
of  the  currents  be  such  that  the  coils  tend  to  repel  one 
another,  either  it  will  happen  that  one  of  the  coils  will 
turn  round,  when  they  will  approach  as  before,  or  if 
neither  of  the  coils  be  free  to  turn  they  will  recede  from 
one  another  until  the  distance  separating  them  becomes 
so  great  that  the  force  of  repulsion  is  too  small  to  over- 
come any  frictional  resistance  that  may  oppose  the 
motion. 

To  keep  up  a  continuous  motion,  then,  of  one'  coil 
relatively  to  another  there  must  be  employed  some  form 
of  "commutator"  or  arrangement  for  reversing  the  current 
through  one  of  the  coils  ;  further,  if  we  wish  that  the 
force  producing  the  motion  shall  remain  fairly  constant, 
either  the  moving  or  stationary  part  of  the  motor  must 
consist  of  a  number  of  coils  so  arranged  that,  as  the 
rotation  of  the  motor  changes  the  position  of  each  coil  in 
the  magnetic  field,  its  place  in  the  field  is  taken  by  the 
next  coil.  This  part  of  the  motor  is  called  the  "armature" 
while  the  other  part  is  called  the  "field"  and  if  the 
armature  has  a  sufficient  number  of  coils  on  it  the  torque 
exerted  between  the  field  and  the  armature  remains 
practically  constant,  in  spite  of  the  motion  of  the  one 
relatively  to  the  other. 

The  armature  of  the   Elihu  Thomson  joulemeter  is 
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the    rotating    portion,   and    it  consists   of   eight   coils, 

C],  Cg  .  .  .  .  cg,  wound  on  a  light  framework,  as  seen  in 

Fig.  161,  which  shows  the  armature  detached  from  the 

complete        meter 

(Fig.  162)  in  order 

that  the  construc- 

tion of  the  former 

may     be      clearly 

seen.     The  end  of 

each   coil  is   elec- 

trically connected 

with  the  beginning 

of  the  next,  and  is 

also  connected  by 

means   of   one   of 

the   wires   w     w 


161)      with      one 

piece  of  the  eight- 

part     commutator 

kltkz  ____  k8.  The 

armature,  which  is 

in   series   with    a 

stationary     resist- 

ance, is  joined  as 

a    shunt     to    the 

portion  of  the  cir- 

cuit    the     energy 

given     to     which 

it     is    desired    to 

record,    and    this 

shunt    current    is 

led  into   and   out 

of  the  commutator 

by  two  stationary  "brushes"  B,  B,  the  current  dividing 

into  two  parts  at  each  brush  and  following  the  paths 

shown  by  the  arrows  (Fig.  16  la). 

This  figure,  161a,  is  a  diagrammatic  sketch  of  the 


Fig.  161.— Rotating  Armature  of  the  Elihu 
Thomson  type  of  Motor  Joulemeter. 
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armature,  commutator,  and  brushes  at  the  moment  when 
the  two  pieces  &7  and  k%  of  the  commutator  are  touching 
the  brushes,  and  to  avoid  confusion  in  this  sketch  only 
these  two  pieces  of  the  commutator  are  shown  connected 


Fig.  161a. — Diagram  showing  the  Directions  of  the  Currents  in  the  Armature 
of  the  Eliliu  Thomson  type  of  Joulemeter. 

witli  the  coils.  But  in  reality  each  of  the  eight  com- 
mutator pieces  &j  .  .  .  .  k8  is  joined  respectively  with  the 
end  of  one  coil  and  the  beginning  of  the  next,  and,  since 
the  brushes  are  stationary  while  the  armature  and  com- 
mutator revolve,  the  direction  of  the  currents  in  the  coils 
would  appear  exactly  the  same  whether  the  pair  of  com- 
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mutator  pieces  touching  the  brushes  were  k-^  &5,  &2  k&, 
ks  &7,  or  h4  k%.  The  result  is  that,  although  the  armature 
rotates,  the  current  flowing  round  it  produces  a  magnetic 
field,  in  a  nearly  fixed  position,  indicated  by  the  dotted 
line  N  s. 

The  stationary  field  coils  c  c,  seen  in  perspective  in 
Fig.   162   and  in  sectional  elevation  in  Fig.   162&,  are 


Fig.  162.— Interior  of  the  Elihu  Thomson  Motor  Joulemeter,  with  case  removed. 

placed  in  series  with  the  portion  of  the  circuit  the  power 
given  to  which  we  desire  to  measure,  so  that  the  main 
current  passes  through  these  field  coils  and  produces 
another  stationary  magnetic  field,  which  is  almost  at 
right  angles  to  that  produced  by  the  armature,  and  the 
action  of  the  one  field  on  the  other  causes  a  continuous 
rotation  of  the  armature. 

As  these  two  fields  have  always  the  same  relative 
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position,  the  torque  exerted  will  be  directly  proportional 
to  the  product  of  the  strengths  of  the  fields,  and,  as  no 
iron  is  used  in  either  the  armature  or  the  field  coils,  the 
magnetic  fields  will  be  directly  proportional  to  the 
currents  producing  them  ;  hence  the  torque  producing 
the  rotation  will  be  directly  proportional  to  AV,  the 


Fig.  162a.— Sectional  Elevation  of  the  Elilm  Thomson  type  of  Joulemeter. 

power  in  watts  given  to  the  portion  of  the  circuit  under 
consideration. 

The  motion  of  the  armature  c  (Figs.  162  and  162a) 
is  resisted  by  the  horizontal  copper  disc  D  D,  which  is 
rigidly  attached  to  the  armature  spindle,  being  rotated 
in  the  magnetic  field  produced  by  three  stationary  horse- 
shoe permanent  magnets  M,  M,  M.  The  south  pole  s  of 
each  of  these  magnets  (Fig.  162a)  is  above,  and  the 
north  pole  N  below,  the  copper  disc,  so  that  the  lines  of 
force  produced  by  these  permanent  magnets  are  vertical 
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and  at  right  angles  to  the  plane  of  rotation  of  the  copper 
disc.  This  causes  Foucault  currents  to  be  induced  in  the 
rotating  copper  disc,  and  the  attraction  between  these 
currents  and  the  stationary  magnets  impedes  the  turning 
of  the  armature.  Now,  the  strength  of  these  induced 
currents  is  proportional  to  the  angular  velocity  a,  so  that 
the  torque  which  resists  the  motion  is  proportional  to  a. 
We  have,  therefore,  as  shown  by  Prof.  Perry  and  the 
author,  a  driving  torque  proportional  to  AV  and  a  re- 
tarding torque  proportional  to  a  ;  hence,  if  the  f rictional 
resistance  to  motion  introduced  by  the  bearings  of  the 
armature,  the  rubbing  of  the  commutator  against  the 
brushes  B,  B  (Fig.  161),  and  the  train  of  wheels  in  the 
counting  mechanism  w  (Fig.  162),  driven  by  the  screw  or 
worm  s  (Fig.  161),  be  very  small,  the  armature  must  rotate 
at  such  a  speed  that  the  electromagnetic  driving  torque, 
which  is  proportional  to  AY, is  exactly  equal  to  the  electro- 
magnetic retarding  torque,  which  is  proportional  to  a,  or 

AY  oc  a. 

If,  now,  during  any  time  s  seconds,  the  power  supplied 
to  the  circuit  be  constant,  A  Y  will  be  constant  for  that 
time,  and  so  also  will  a  ;  therefore 

A  Ys  oc  a  s, 

but  AYs  is  the  energy  in  joules  and  as  is  the  angle 
turned  through  by  the  armature  in  that  time.  Conse- 
quently for  each  period  of  time  during  which  the  energy 
is  supplied  at  a  constant  rate  the  angle  turned  through 
by  the  armature,  and  therefore  the  advance  of  the  count- 
ing mechanism,  is  directly  proportional  to  the  energy 
supplied  in  that  time.  Therefore,  adding  together  all  the 
amounts  of  advance  of  the  counting  mechanism  and  all 
the  amounts  of  energy  supplied  for  each  of  the  periods 
during  which  energy  is  supplied  at  various  constant  rates, 
we  may  conclude  that  the  total  advance  of  the  counting 
mechanism  in  any  interval  will  be  directly  proportional 
to  the  total  amount  of  energy  supplied  in  that  interval, 
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whether  the  energy  has  been  supplied  at  a  uniform  or  at 
a  variable  rate. 

The  friction  at  the  bearings  of  the  armature  may  be 
rendered  small  by  using  a  very  light  armature,  and  by 
forming  the  ends  of  the  armature  spindle  of  hard  metal, 
carefully  pointed,  and  by  supporting  them  in  jewels,  as  is 
done  in  a  watch.  The  friction  and  inertia  of  the  counting 
mechanism  can  be  overcome  by  making  the  parts  small 
and  light ;  and  the  friction  of  the  commutator  klt  k% 
against  the  brushes  B,  u  Prof.  Elihu  Thomson  finds  can 
be  reduced  to  a  workable  limit  by  constructing  the 
commutator  of  silver,  as  well  as  the  parts  of  the  brushes 
that  rub  against  it,  and  by  mak'ing  the  diameter  of  the 
commutator  very  small. 

In  the  case  of  the  clock  form  of  joulemeter,  we  saw 
that  the  pressure  coil  could  be  dispensed  with  and  a 
simplification  introduced  when  it  was  known  that  the 
electric  energy  would  be  supplied  under  constant  pressure ; 
so  also  in  the  case  of  the  motor  joulemeter,  the  armature 
which  constitutes  the  pressure  coil  can  be  modified  when 
the  condition  of  supply  is  constant  pressure.  The  instru- 
ment then  becomes  a  "coulombmeter,"  and  its  description 
will  be  found  in  the  chapter  of  Vol.  II.  which  deals 
with  "  Quantity  of  Electricity." 

The  clock  type  of  meter  has  the  great  advantage 
over  the  motor  form  that,  no  matter  how  small  be  the 
rate  at  which  electric  energy  is  supplied  to  a  circuit, 
the  clock  meter  actually  records  the  total  amount  of 
energy  supplied,  whereas,  in  consequence  of  friction, 
a  motor  meter  will  not  start  until  the  currents  passing 
round  its  coils  reach  a  certain  value.  Hence,  if  the 
electric  power  that  a  circuit  receives  be  always  very 
small,  the  armature  of  a  motor  meter  may  never  move, 
and  so  the  meter  will  record  no  energy  received,  even 
though  the  period  during  which  this  very  small  amount 
of  power  has  been  supplied  has  been  so  long  that  the 
total  amount  of  energy  that  ought  to  be  recorded  is 
considerable. 
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The  clock  meter,  on  the  other  hand,  has  the  dis- 
advantage that  it  requires  to  be  periodically  wound  up. 
Hence,  if  such  a  meter  becomes  for  a  time  inaccessible — 
for  example,  in  a  London  flat  which  has  been  left  locked 
up — one  of  the  clocks  may  stop  before  the  other,  and 
the  record  be  rendered  quite  erroneous.  Indeed,  if  it  be 
the  clock  that  has  the  magnetic  pendulum  which  stops 
first,  the  meter  may  record  that  electric  energy  has  been 
supplied  by  the  householder  to  the  electric  mains  under 
the  streets,  and,  -therefore,  that  he  ought  to  receive 
payment  for  electric  energy  that  has  apparently  been 
delivered  by  him  to  the  company. 

115.  Board  of  Trade  Unit  of  Energy.—"  The  Board 
of  Trade  unit,"  the  words  "  of  energy  "  being  generally 
omitted,  is  the  name  given  to  the  work  done  in  a  circuit 
when  the  power  exerted  in  watts  multiplied  by  the  time 
during  which  it  is  exerted  in  hours  equals  1,000,  or 

1  Board  of  Trade  unit  =  1,000  watt  hours, 
=  3,600,000  joules, 
=  36  x  101*  ergs, 
„        „        „         =  2,653,800   foot  pounds  very 

approximately, 
„        „        „         =  1-340  horse-power  hour  very 

approximately, 
„        „        „         =  1|  horse-power  hour  roughly. 

A  Board  of  Trade  unit  is,  therefore,  a  thing  that  can 
be  bought  and  sold  at  a  specified  price,  like  a  ton  of  iron, 
and  this  price  can  be  regulated  by  agreement  or  by  law, 
as  cab  fares  are  so  regulated.  When  an  "Electric  Supply 
Company  "  obtains  an  Act  of  Parliament  to  lay  wires 
under  the  streets  of  London  for  the  purpose  of  supplying 
electric  energy  to  the  houses,  one  of  the  regulations 
always  imposed  is  that  the  price  for  a  Board  of  Trade 
unit  delivered  to  a  consumer  must  not  exceed  eightpence. 
The  company  may,  however,  charge  as  much  less  as  it  likes, 
provided  it  gives  equal  advantages  to  all  its  customers, 
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and  the  average  price  per  Board  of  Trade  unit  in 
London  to  large  consumers  is  probably  about  sixpence. 
In  Newcastle  it  is  as  low  as  fourpence,  and  in  Eastbourne 
ninepence. 

Example  74.  —  The  magnet  pendulum  of  a  double 
clock  joulemeter  (Fig.  159)  swings  4  per  cent,  faster 
when  a  current  of  50  amperes  is  passing  than  it  does 
when  no  current  is  passing.  If  the  two  clocks  are  not 
quite  equally  rated  for  zero  current  —  the  magnet  pendu- 
lum gaining  one  minute  in  a  day  —  what  number  of  units 
will  be  registered  if  10  amperes  at  100  volts'  pressure 
pass  through  the  meter  for  seven  days  ;  also  what  number 
of  units  would  the  meter  record  if  it  had  been  accurately 
synchronised  ? 

Answer.  —  Since  the  magnet  pendulum  swings  4  per 
cent,  faster  when  50  amperes  is  passing,  it  should  gain 
0'8  per  cent,  on  the  other  pendulum  when  the  current  is 
10  amperes.  But  in  consequence  of  the  imperfect  syn- 
chronism it  gains  one  minute  per  day,  or  0*069  per  cent., 
in  addition.  The  meter  record  is  proportional  to  the 
gain  of  the  one  pendulum  relative  to  the  other,  and  is 

f).Qf\Q 

therefore  greater  than  it  should  be  in  the  ratio  /V^AA' 
If    the    meter    were     accurate     it    would    register 

10  X  7  X  24?  or  168  Board  of  Trade  units  ;  hence 


' 

the  number  of  units  recorded  is  168  x  7r^7r^9  or  182-5. 

O'oOO 

Example  75.  —  If  the  magnet  pendulum  of  a  double 
clock  joulemeter  is  losing  when  no  current  passes,  the 
number  of  units  registered  is  too  small.  What  loss 
per  day  will  make  the  number  of  units  registered  30 
per  cent,  less  than  they  should  be  if  (a)  the  averag 
current  is  10  amperes  ;  (6)  if  the  average  current  is 
50  amperes  ? 

Answer.  —  (a)  Loss  of  3-46  minutes  per  day;  (b)  loss  of 
17*3  minutes  per  day. 
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Example  76.  —  If  electrical  energy  is  supplied  at  6d. 
per  Board  of  Trade  unit,  determine  whether  it  is  more 
economical  to  use  16-candle  power  lamps  taking  2  -5  watts 
per  candle  and  lasting  practically  unimpaired  for  500 
hours,  when  the  "filament"  breaks,  or  16-candle  power 
lamps  taking  3-5  watts  per  candle  and  lasting  900  hours, 
the  cost  of  a  new  lamp  being  in  each  case  Is.  3d. 

Using  2*5  watt  lamps  :  — 

2-5 
Cost  for  energy  per  candle  hour  =  TTJTTTJ  x  6 

=  0-015  penny. 

15 
Cost  for  lamp  renewals  per  candle  hour  =  ig  x 


=  0-0019  penny. 
Total  cost  per  candle  hour  =  0-0169  penny. 

Using  3  -5  watt  lamps  :  — 

3*5 
Cost  for  energy  per  candle  hour  =  TQQQ  X  6 

=  0-021  penny. 

Cost  for  lamp  renewals  per  candle  hour  =  ig  x  QQQ 

=  0-001  penny. 
Total  cost  per  candle  hour  =0-022  penny. 

Therefore,  in  this  particular  case,  it  is  more  economical 
to  use  the  lamp  having  a  shorter  life  but  taking  less 
power. 

Example  77.  —  Is  the  same  conclusion  true  if  the 
lamps  are  8-candle  power,  all  other  things  remaining  the 
same1? 

Answer.  —  The  total  costs  per  candle  hour  become 
0-0188  and  0-023  penny  respectively,  so  that  the  shorter- 
life  lamp  is  still  the  cheaper. 

Example  78.  —  Compare  the  cost  for  equally  lighting 
the  same  area  with  gas  at  2s.  6d.  per  1,000  cubic  feet 
(the  burners  used  giving  12  candles  for  5  cubic  feet  per 
hour)  with  incandescent  lamps  using  electric  energy  at 
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6d.  per  unit  (the  lamps  taking  3-92  watts  per  candle),  and 
with  arc  lamps  supplied  with  electric  energy  also  at  6d. 
per  unit  (the  lamps  taking  1  watt  per  candle). 

The  cost  of  renewal  for  broken  glow  lamps,  and  the 
carbons  for  the  arc  lamps,  not  to  be  included. 

Answer. — Relative  costs: — Gas,  2-08;  incandescent 
lamps,  3 '9 2  ;  arc  lamps,  1. 

Example  79. — What  is  the  reduction  in  a  consumer's 
bill  of  £80  per  annum  for  electric  energy  supplied  (a) 
if  the  price  of  a  unit  is  reduced  from  7d.  to  6d. ;  (b)  if 
lamps  taking  2*8  watts  per  candle  are  used  instead  of 
lamps  taking  3' 5  1 

Answer. — (a)  A  reduction  of  £11  9s.  j  (b)  a  reduction 
of  £16. 

Example  80. — How  many  Board  of  Trade  units  are 
consumed  by  a  100-volt  8-candle  power  lamp  taking  28 
watts  burning  continuously  for  one  year  1  What  is  the 
cost  at  6d.  per  unit  1 

Answer.— 24=5  units  ;  £6  2s.  6d. 

116.  Electric  Transmission  of  Energy. — In  order  to 
maintain  a  steady  electric  current  we  must  have  a  closed 
electric  circuit  such  as  KLMN  (Fig.  163),  and  any  com- 
plete circuit  always  consists  of  two  essentially  distinct 
parts.  In  the  one  part  KLMN  the  current  flows  in  the 
direction  in  which  the  potential  diminishes — that  is  to 
say,  the  potential  at  K  is  greater  than  that  at  L,  the 
potential  at  L  greater  than  that  at  M,  and  so  on — and  at 
every  point  throughout  this  portion  of  the  circuit  electric 
energy  is  being  turned  into  heat,  or  into  heat  and  also  into 
some  other  form  of  energy,  such  as  chemical  or  mechanical 
energy.  This  part  of  the  circuit  corresponds  with  the 
overhead  telegraph  wires  and  the  telegraph  instruments 
which  are  placed  at  the  ends  of  the  wires  used  to  receive 
the  telegraph  messages,  or  it  corresponds  with  the  electric- 
light  insulated  copper  mains  under  the  streets,  the  wires, 
the  glow  and  arc  lamps  in  the  houses,  and  the  electro- 
motors used  to  do  work  in  houses  and  factories  which  are 
supplied  with  current  from  the  street  mains.  And  in  all 
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the  calculations  which  have  been  made  in  this  book 
hitherto  regarding  current,  P.D.,  energy,  and  power,  it 
is  this  part  of  the  circuit  K  L  M  N  only  that  we  have  been 
dealing  with.  So  in  the  same  way  we  might  have  been 
studying  the  now  of  water  in  the  water  mains  under  the 
streets  or  in  the  water  pipes  in  our  houses,  or  the  flow 
of  water  along  a  river  where  the  water  moves  under  the 
action  of  gravity. 

The  water  which  produces  the  stream  may  be  obtained 
from  a  reservoir  or  an  elevated  cistern,  or  from  some 
pond  at  the  top  of  a 
hill ;  but,  unless  there 
be  some  contrivance  for 
keeping  the  reservoir 
tilled  by  raising  the 
water  from  a  low 
level  to  a  high  level 
against  the  action  of 
gravity,  the  reservoir 
will  run  dry  and  the  Fig.  163. 

water  stream  will  cease. 

Hence,  to  maintain  a  continuous  stream,  the  water 
must  continuously,  or  at  any  rate  from  time  to  time, 
be  carried  up  in  buckets,  or  be  raised  by  some  form 
of  pump,  or  by  the  evaporating  power  of  some  hot  body 
like  the  sun;  in  fact,  as  much  work  must  be  done 
on  the  water  in  raising  it  as  it  does  in  its  descent- 
through  the  pipes  or  along  the  river  bed.  So  in  the 
same  way  in  some  part  NK  of  any  complete  electric 
circuit  there  must  be  some  apparatus  for  raising  the 
electricity  from  a  low  to  a  high  potential,  and  the  energy 
which  this  apparatus  thus  puts  into  the  electric  circuit 
must  be  withdrawn  by  the  apparatus  from  some  outside 
store  of  energy.  In  the  sending  of  currents  to  produce 
telegraphic  signals,  or  to  ring  an  electric  bell,  the  battery 
forms  this  pump  which  raises  the  electricity  from  a  low 
to  a  high  potential  as  the  current  passes  through  it,  and 
the  chemicals  placed  in  the  battery  constitute  the  store 

M 
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of  energy  on  which  the  battery  draws ;  while  in  the 
sending  of  a  current  to  produce  the  electric  light  or 
to  work  electromotors  in  a  town  the  dynamo  at  the 
"  Electric  Light  Central  Station  "  is  the  pump,  and  the 
coal  in  the  cellars  at  the  "  Generating  Station  "  which  is 
used  to  drive  the  steam  engines  is  the  store  of  energy  on 
which  the  dynamo  indirectly  draws  through  the  medium 
of  the  steam  engine. 

A  complete  electric  circuit  is,  therefore,  something 
like  a  bell  rope  with  a  man  pulling  the  rope  at  one  end 
and  a  bell  ringing  at  the  other.  By  pulling  the  rope 
energy  is  given  to  it,  this  energy  travels  to  the  other  end 
of  the  rope  and  is  there  given  out  to  the  bell ;  or  a  com- 
plete electric  circuit  is  something  like  one  of  the  pipes  of 
the  London  Hydraulic  Company  under  the  streets  with 
a  pump  at  one  end  and  a  water-motor  at  the  other.  The 
pump  takes  energy  from  some  outside  source  and  gives  it 
to  the  water,  this  energy  is  partly  wasted  in  heating  the 
running  water  and  the  pipes  in  consequence  of  friction, 
but  the  greater  part  of  the  energy  is  given  out  by  the 
water  to  the  water-motor  at  the  other  end  of  the  pipe. 
Here  the  pipe  corresponds  with  the  electrical  conductor, 
the  pump  with  the  battery  or  the  dynamo,  and  the  water- 
motor  with  the  electromotor.  There  is  no  doubt  an  im- 
portant difference  in  the  two  cases,  the  water  which 
flows  out  through  the  water-motor  at  one  end  of  the  pipe 
need  not  be  immediately  returned  to  the  pump  at  the 
other  end,  indeed  it  may  not  be  the  same  water  at  all 
which  is  pumped  up  again  by  the  pump  to  maintain  the 
water  stream,  whereas  in  the  electric  circuit  the  same 
electricity  must  be  regarded  as  flowing  round  and  round 
the  circuit.  But  there  is  this  important  similarity,  that, 
just  as  the  water  is  not  the  energy,  so  electricity  is  not 
energy,  in  spite  of  erroneous  statements  that  have  been 
sometimes  made  to  the  contrary.  Pressure  is  given  to 
the  water  by  the  pump  at  one  end  of  the  pipe,  and 
pressure  is  given  out  by  the  water  to  the-  motor  at  the 
other  end,  so  potential  is  given  to  the  electricity  at  the 
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battery  at  one  end  of  the  wire,  and  potential  is  lost  by 
the  electricity  at  the  other  end  of  the  wire,  where  the 
electricity  flows  through  the  electromotor. 


Fig.  164.— Transmission  of  Power  with  an  endless  belt. 


Fig.  165.— Mechanical  Model  illustrating  the  Transmission  of  Energy  from  a 
Generator,  N  K,  to  a  Motor,  L  M. 

Proba-bly  the  closest  analogy  with  the  electric  trans- 
mission of  energy  is  the  driving  of  one  pulley  by  another 
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by  means  of  an  endless  belt  (Fig.  164).  Energy  is  put 
into  the  belt  as  it  passes  round  the  driving  pulley  P19 
energy  is  given  out  by  the  belt  as  it  passes  round  the 
driven  pulley  P2.  The  running  belt  corresponds  with  the 
electric  current,  the  driving  pulley  PJ  with  the  battery 
or  dynamo,  and  the  driven  pulley  P2  with  the  electro- 
motor. The  model  (Fig.  165)  shows  in  a  rough  sym- 
bolical way  what  takes  place  in  the  transmission  of 
energy  with  pressure-water,  compressed  air,  an  endless 
belt  or  electricity.  The  working  stuff,  water,  air,  belt, 
or  electricity,  is  first  raised  in  pressure,  and  has  energy 
given  to  it  symbolised  by  the  bail,  B,  being  raised  in  the 
carrier  c  through  the  height  N  K  against  the  action  of 
gravity ;  the  ball  then  gradually  loses  pressure  as  it  pro- 
ceeds along  the  tube  or  wire  K  L  which  conveys  it  to  the 
other  end  of  the  system,  shown  by  the  ball  falling  as  it 
proceeds  from  K  to  L,  and  the  energy  thus  lost  is  spent 
in  heating  the  tube  or  wire.  At  the  other  end  there  is 
a  great  drop  of  pressure  as  the  ball  falls,  in  the  carrier 
c',  through  LM,  corresponding  with  a  transference  of 
energy  to  the  motor  m  which  drives  a  little  air-fan,  and 
finally  the  ball  comes  back  along  the  return  pipe  or  wire 
M  N,  losing,  as  it  returns,  all  that  remains  of  the  energy 
given  to  it  initially  in  the  pump  or  elevator  at  NK. 
The  ball  has,  in  fact,  come  back  to  its  original  level. 

If  the  circuit  external  to  the  battery  is  simply  a 
resistance  containing  no  electromotor  nor  electrolytic  cell, 
then  the  circuit  is  analogous  with  the  model  seen  in 
Fig.  166,  the  balls  B,  B  falling  by  gravity  along  the  rails 
KLMN,  and  being  raised  against  the  action  of  gravity 
through  the  height  N  K.  The  balls  are  lifted  by  their 
being  picked  up  by  the  hooks  attached  to  the  endless 
belt  b  b,  the  right-hand  side  of  which  is  made  to  con- 
tinuously rise  by  the  handle  H  being  turned. 

There  is  another  way  of  transmitting  energy  through 
a  pipe  which  is  wholly  different  from  the  methods  pre- 
viously considered,  and  that  is  by  means  of  coal  gas,  but 
in  this  case  the  quality  of  the  material  sent  through  the 


Chap.  V.]        MODELS    OF   TRANSMISSION    OP    ENERGY.  357 

pipe  and  not  its  pressure  is  the  important  consideration. 
The  energy  contained  in  coal  gas  is  not  pressure-energy, 
but  chemical  energy  ;  therefore,  as  long  as  the  pressure 
of  the  gas  is  sufficient  to  make  it  come  out  of  the  pipe  at 
a  suitable  rate,  it  does  not  matter,  as  far  as  the  amount 
of  energy  contained  in  a  given  weight  of  gas  is  concerned, 
whether  the  pressure  be  small  or  large.  But  the  chemical 
constitution  of  the  coal  gas  is  of  great  importance.  On 
the  other  hand,  when  energy  is  transmitted  by  water,  or 


Fig.  166. — Mechanical  Model  illustrating  an  Electric  Circuit  composed  of  a 
Current  Generator  and  an  External  Resistance. 

by  air  or  electricity,  the  pressure  is  as  important  a  factor 
in  estimating  the  amount  of  energy  delivered  as  the 
quantity  of  the  working  substance.  Apart  from  the 
action  of  the  tide,  water  at  sea-level  is  quite  useless  for 
working  machinery,  no  matter  how  much  water  be  avail- 
able, so  electricity  at  zero  potential  is  useless  for  work- 
ing an  electromotor  or  producing  an  electric  light.  It  is, 
therefore,  all  important  to  the  user  of  the  water  supplied 
by  the  London  Hydraulic  Company  whether  its  pressure 
is  750  pounds  per  square  inch  or  500  pounds  per  square 
inch,  but  it  is  of  no  importance  to  him  whether  the 
water  be  ordinary  river  water  or  be  chemically  pure. 

Hence,  while  practically  no  restriction  is  imposed  by 
law  on  the  pressure  that  the  Gas  Companies  must  main- 
tain in  the  gas  as  supplied  to  a  house,  the  public  Electric 
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Light  Companies  are  prevented  by  law  from  allowing  the 
P.D.  between  the  electric  light  mains,  where  they  join 
the  house  mains,  from  varying  more  than  4  per  cent, 
from  the  standard  pressure. 

This  fundamental  difference  between  the  transmission 
of  energy  by  coal  gas  and  by  electricity  must  be  fully 
grasped,  for  it  is  probably  a  want  of  appreciation  of  this 
fundament-difference  that  has  led  people  to  make  such 
erroneous  statements  as  that  electricity  is  a  form  of 
energy. 

117.  Power  Developed  by  a  Current  Generator.— If 
A  be  the  current  in  amperes  flowing  round  the  circuit 
K  L  M  N  (Fig.  163),  and  if  V  be  the  P.D.  in  volts  between 
the  points  K  and  N,  the  work  done  per  second  on  the 
part  of  the  circuit  K  L  M  N  equals  A  V  joules.  In  addition, 
if  the  resistance  of  the  portion  of  the  circuit  between 
N  and  K  be  b  ohms,  the  current  will  do  work  in  heating 
this  resistance  at  the  rate  of  A2  b  joules  per  second. 
Hence,  the  total  power  developed  by  the  current  equals 

AV  +  A26  watts. 

Now,  from  the  conservation  of  energy  it  follows  that  the 
work  done  per  second  by  the  current  on  the  circuit  must 
equal  the  work  done  per  second  on  the  current  by  the 
apparatus  between  N  and  K,  which  converts  some  form  of 
energy  into  electric  energy.  Hence,  whatever  be  the 
construction  of  this  apparatus,  the  rate  at  which  the 
transformation  of  energy  takes  place  in  it,  the  rate,  in 
fact,  at  which  it  introduces  electric  energy  into  the 
circuit,  must  equal 

AV  +  A2&  watts. 

There  are  three  distinct  classes  of  apparatus  that 
may  be  employed  for  introducing  electric  energy  into  a 
circuit,  viz.  : — 

(1)  A  battery,  which  transforms  chemical  energy  into 

electric  energy ; 

(2)  A    "  thermo-pile"    which    transforms    heat   into 

electric  energy  (see  the  note  on  page  563) ; 
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(3)  A  dynamo,  which  transforms  mechanical  energy 

into  electric  energy ; 

and  in  all  cases,  whether  the  current  generator  be  of  the 
battery,  therrno-pile,  or  dynamo  type,  the  rate  at  which 
the  current  generator  withdraws  energy  from  some  outside 
source  and  introduces  it  into  the  electric  circuit  equals 

AV  +  A26  watts. 

118.  Electromotive  Force  of  a  Battery. — A  battery 
consists  of  a  number  of  galvanic  or  electrolytic  cells,  each 
cell  consisting  of  two  plates  of  different  metals  immersed 
in  one  liquid,  or  of  two  plates  of  the  same  metal  immersed 
in  different  liquids,  or  of  two  plates  of  different  metals 
immersed  in  different  liquids,  the  combination  being  such 
that  when  a  current  passes  through  the  cell  the  work 
corresponding  with  the  chemical  action  that  takes  place 
in  one  portion  of  the  cell  is  not  balanced  by  the  work 
corresponding  with  the  chemical  action  that  takes  place 
in  the  same  time  in  the  other  part  of  a  cell. 

Fig.  167  shows  a  battery  composed  of  five  cells  of  the 
very  simplest  form,  each  cell  consisting  of  a  plate  of 
zinc,  z,  and  a  plate  of  copper,  c,  dipping  into  dilute  sul- 
phuric acid.  Such  a  cell  is  frequently  called  a  "simple 
Voltaic  element"  The  copper  plate  of  one  cell  is  joined 
by  means  of  a  copper  wire  to  the  zinc  plate  of  the  next, 
so  that  the  cells  are  in  series ;  and  on  joining  the  two 
terminal  copper  wires  marked  +  and  —  in  the  figure, 
directly  together,  or  to  the  terminals  of  a  galvanometer, 
voltameter,  or  other  indicator  of  the  direction  of  the 
current,  the  current  is  found  to  flow  in  the  direction  of 
the  arrows.  (See  "  Definition  of  the  Direction  of  a 
Current,"  §  7,  page  31.) 

From  the  convention  we  decided  to  adopt  in  §  6, 
page  23,  regarding  the  meaning  of  the  strength  of  a 
current,  it  follows  that  the  rate  at  which  chemical  action 
takes  place  in  an  electrolytic  cell  is  a  very  approximate 
measure  of  the  current  flowing,  and  therefore  the  rate  at 
which  chemical  action  takes  place  in  a  battery  of  electro- 
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lytic  or  galvanic  cells  in  series  such  as  is  indicated  in 
Fig.  167  must  be  approximately  proportional  to  the  cur- 

rent  flowing  through 
them,  and  to  the 
number  of  cells  in 
series  through  which 
it  flows,  provided 
that  the  cells  are  so 
constructed  that  no 
appreciable  chemical 
action  goes  on  in  them 
when  they  are  at  rest, 
and  no  current  is 
flowing  through  them. 
Consequently,  the  ex- 
pression given  above 
for  the  power  in 
watts  developed  by 
the  current  must  be 
very  approximately 
proportional  to  the 
product  of  the  cur- 
rent into  the  number 
of  cells  in  series, 
therefore 


AY  +  A2&  =  T>A.n 

very  approximately, 

or  dividing  by  A — 

Y  +  A  b  =  D  n 
very  approximately, 

where  n  is  the  number 
of  cells  in  series  in 
the  battery,  and  D  is 
a  constant  depending 
on  the  nature  of  the  chemical  action  taking  place  in 
a  cell,  that  is,  on  the  type  of  cell  employed. 


Chap.  V.]    ELECTROMOTIVE  FORCE  OP  A  GALVANIC  CELL.      361 

The  words  "  very  approximately  "  have  been  used  in 
the  preceding  paragraph  because,  although  Faraday's  law, 
that  the  rate  at  which  chemical  action  is  produced  in  a 
given  electrolytic  cell  is  proportional  to  the  current  pass- 
ing, is  nearly  true,  the  more  accurate  experiments  that 
have  been  made  recently  show  that  this  rate  is  influenced 
somewhat  by  the  size  of  the  plates  and  by  the  tempera- 
ture of  the  cell ;  see,  for  example,  the  result  of  Prof. 
Gray's  tests  on  the  copper  voltameter  given  in  the  note, 
§  «,  P-  28. 

The  term  Ab  in  the  last  equation  equals  the  P.D.  in 
volts  required  to  send  the  current  through  b,  the  resist- 
ance of  the  part  of  the  circuit  N  K  (Fig.  163).  Let  this 
be  called  V  volts,  then, 

V+V'=Dn. 

Hence  the  P.D.  employed  in  sending  the  current  through 
K  L  M  N*,  plus  the  P.D.  employed  in  sending  it  through 
N  K,  is  equal  to  a  constant  D  n,  which  depends  only  on 
the  battery,  and  not  on  the  resistance  of  the  circuit  or 
the  current  flowing  through  it.  Hence,  we  may  conclude 
generally  that  when  a  current  is  produced  by  a  battery, 
the  P.D.  employed  in  sending  the  current  right  round  the 
circuit  is  practically  a  constant  for  the  particular  battery, 
whatever  be  the  resistance  of  the  circuit  or  of  the  current 
flowing.  This  constant  is  called  the  "  electromotive  force  " 
of  the  battery,  and  is  frequently  designated  by  the  letters 
"E.M.F." 

The  electromotive  Jorce  of  the  battery  then  depends 
mainly  on  the  chemical  constitution  of  the  cells,  and  on 
the  number  of  cells  in  series  n  comprising  the  battery ;  the 
constant  D  in  the  last  equation  being,  in  fact,  the  E.M.F 
of  one  of  the  cells.  We  may,  therefore,  define  the  electro 
motive  force  of  a  cell  as  the  rate  in  watts  at  which 
chemical  energy  is  converted  into  electrical  energy  in  the 
cell  per  ampere  of  current  Jlowing,  or  as  the  total  P.D 
employed  right  round  any  complete  circuit  through  which 
a  current  is  sent  by  the  cell. 
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It  follows,  therefore,  that  the  E.M.F.  of  a  cell  is 
independent  of  the  size  and  shape  of  the  cell,  for,  as 
shown  in  §  5,  page  19,  there  is  the  same  amount  of 
chemical  action  produced  per  second  per  ampere  in  an 
electrolytic  cell  whatever  be  its  size  and  shape  ;  conse- 
quently, the  rate  in  watts  at  which  chemical  energy  is 
converted  into  electric  energy  per  ampere  flowing — that 
is,  the  E.M.F.  of  the  cell — must  be  independent  of  its  size 
and  shape. 

For  experimentally  testing  the  truth  of  this  result, 
we  may  conveniently  use  the  cell  shown  in  Fig.  168. 
The  liquid  is  contained  in  a  long  wooden  trough  lined 
with  Griffith's  anti-sulphuric  enamel,  and  the  copper  and 
zinc  plates  c  and  z  are  supported  by  stout  wires,  w,  w, 
sliding  in  the  screw  clamps  s,  s.  On  loosening  the 
nut  P  the  clamp  which  supports  the  wire  attached  to 
the  copper  plate  can  be  slid  along  the  groove  and  the 
distance  between  the  plates  varied,  while  on  loosening 
the  screws  s,  s  the  depths  to  which  the  plates  are 
immersed  in  the  liquid  can  be  altered.  Now,  it  is 
found  that,  no  matter  how  the  distance  between  the 
plates  be  altered,  or  whether  they  be  immersed  more 
or  less  in  the  liquid,  or  whether  they  be  raised  up 
so  much  that  only  the  little  projections  at  the  bottoms 
of  these  plates  are  in  contact  with  the  liquid,  as  seen 
in  Fig.  168a,  the  E.M.F.  of  the  cell  remains  exactly 
the  same. 

A  very  convenient  method  of  measuring  the  E.M.F. 
of  this  cell  is  to  employ  a  high-resistance  voltmeter,  as 
described  in*  the  next  section ;  but  it  must  be  remem- 
bered that,  as  the  resistance  of  the  cell  when  the  plates 
are  raised  up  so  that  only  a  small  bit  of  each  plate  just 
touches  the  liquid  may  be  as  high  as  50  ohms,  the 
resistance  of  the  voltmeter  used  should  not  be  less  than 
about  500  ohms.  (See  §  119,  page  365.) 

Further  details  regarding  the  construction  of  the  cell 
illustrated  in  Fig.  168  will  be  found  under  the  description 
of  the  "  Daniell's  Cell,"  §  131,  page  423. 
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Fig.  168. 


Fig.  168a. 

Figs.  163,  168a.— Cell  arranged  for  proving  that  the  E.M.F.  is  Independent  of 
the  Distance  Apart  of  the  Plates  and  of  the  Areas  Immersed  in  the  Liquids. 
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The  E.M.F.  of  a  cell,  then,  depends  only  on  the  nature 
of  the  materials  used  in  constructing  it,  and  not  on  the 
amount  of  the  materials  employed.  If,  however,  the 
current  passing  through  a  cell  be  increased  so  much  that 
the  nature  of  the  chemical  action  taking  place  in  it 
becomes  changed,  the  E.M.F.  no  longer  remain?  constant 
and  the  cell  is  said  to  ^>e  "polarised"  With  certain 
types  of  cells  this  limiting  strength  of  current  above 
which  "polarisation"  takes  place  is  very  small,  much 
smaller  than  the  cell  can  produce  if  its  terminals  be 
joined  by  a  conductor  of  low  resistance. 

119.  Connection  between  the  E.M.P.  of  a  Battery, 
the  P.D.  between  its  Terminals,  the  Resistance,  and 
the  Current.—  If  E  be  the  E.M.F.  of  a  battery  in  volts, 
b  its  resistance  in  ohms,  V  the  P.D.  between  its  terminals 
in  volts,  x  the  external  resistance  in  ohms,  and  A  the 
current  in  amperes  produced  by  the  battery,  we  have 
from  the  last  section 

E  =  V  +  A6; 
therefore,  since  V  equals  A  x,  we  have 

E  =  A  (x  +  b), 
or      E  =  -  (x  +  b). 

Q&  % 

These  equations  can  be  most  conveniently  written  in  the 
following  form  :  — 

V  =  E  -  A  6. 

Y  =       x  L  E. 
x  +  b 


A= 


X 

E 

x  +  b' 


From  the  last  equation  it  follows,  since  E  is  a  con- 
stant for  a  given  battery,  that  when  x  is  very  large  A  is 


;F 
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very  small,  and  from  the  first  equation  we  see  that  when 
A  is  very  small  V  is  equal  to  E.  Hence  to  find  the 
E.M.F.  of  a  battery  we  must  measure  the  P.D.  between 
the  terminals  when  the  battery  is  sending  no  current  at 
all,  or  but  an  extremely  small  one.  A  voltmeter  whose 
resistance  is  very  high  compared  with  that  of  the  battery 
must,  therefore,  be  used  in  measuring  E,  and  the  only 
current  that  the  battery  is  allowed  to  send  must  be  that 
passing  through  the  voltmeter. 

Next,  let  x  diminish,  then  from  the  last  equation  we 
see  that  A  increases,  and  from  the  second  equation  of  the 
four  that  Y  diminishes.  Finally,  let  x  become  nought — 
that  is,  let  the  battery  be  short-circuited — then  A  be- 

E 

comes  equal  to  -,-,  which  is  the  maximum  value  the  cur- 
rent can  attain  for  a  particular  battery,  and  Y  becomes 
nought. 

The  preceding  is  all  given  concisely  in  the  following 
table  :— 


VALUES   or 


Infinity. 

Great  compared 
with  b. 


a,  say. 


Small  compared 
with  b. 

Nought. 


Very  little  less 
than  E. 


E. 


a  -f  b 
Small. 

Nought. 


Nought. 
Small. 

E 


a  +  b' 
Great. 

Maximum,  and 

T^ 

equal  to  — . 
0 


366 


PRACTICAL    ELECTRICITY. 


[Chap.  V- 


The  apparatus  shown  in  Fig.  169,  consisting  of  a 
battery,  B,  a  delicate  ammeter,  A,  a  voltmeter,  v,  and  a 
variable  resistance,  x,  enables  the  preceding  results  to  be 
tested  experimentally. 

First,  make  x  equal  to  infinity,  then  the  reading  of 
the  voltmeter  gives  E. 

Secondly,  make  x  have  any  suitable  value,  so  that 
the  current  can  be  easily  read 
accurately  on  the  ammeter. 
Let  it  be  Al  amperes,  and  let 
the  corresponding  P.D.  between 
the  terminals  of  the  battery  be 
VT  volts;  next,  give  x  some 
other  value,  and  let  the  current 
and  P.D.  be  now  A3  amperes 
and  Y2  volts  respectively  \ 


Fiff.  169. 


then,  if 

\  =  E  -  A!  b 
r3  =  E  -  A36, 


and 

as  stated  above, 


must 

and  the  accuracy  of  this  relationship  can  be  tested  ex- 
perimentally without  knowing  the  value  of  b,  the  resist- 
ance of  the  battery. 

Or,  having  determined  E  by  measuring  V  when  x  is 
infinite,  we  may  find  b  from  either 

,         E-V,     , 
b  =    — i  ohms 

Ai 
E-Vc 

A3 

and  the  value  of  b,  found  from  these  two  equations,  being 
the  same,  constitutes  a  proof  that  the  equation 

V  =  E  -  Ab 
is  correct. 


or     b  = 


-2  ohms 


Chap.  V.]      E.M.F.,    P.D.,    RESISTANCE    AND    CURRENT.  367 

Lastly,  having  found  b,  we  may  give  x  various  values, 
and  try  experimentally  whether  the  current  always  equals 
E 


As  a  rough  analogy,  the  P.D.  between  the  terminals 
of  a  battery  may  be  likened  to  the  force  exerted  by  a 
locomotive  engine  in  dragging  the  railway  carriages, 
which  is,  of  course,  equal  to  the  pull  on  the  coupling 
connecting  the  engine  with  the  first  carriage,  while  the 
current  strength  may  be  likened  to  the  speed  of  the  train, 
and  the  external  resistance  to  the  mass  of  the  carriages 
composing  the  train.  If  the  train  be  long  and  heavy, 
corresponding  with  a  great  external  resistance,  the  pull 
exerted  by  the  engine  is  great,  but  the  speed  of  the  train 
is  slow  ;  whereas  if  there  be  only  a  few  carriages  the  pull 
is  less  but  the  speed  is  greater,  and  in  the  extreme  case 
when  the  engine  is  running  alone  the  pull  exerted  on  the 
coupling,  which  is  now  hanging  loose,  is  nought,  and  the 
speed  of  the  train  is  the  greatest.  Also  the  pull  exerted 
by  the  engine  on  the  first  carriage  is  always  less  than  the 
total  force  exerted  by  the  engine  (unless  the  engine  is 
attempting  to  pull  so  heavy  a  train  that  it  does  not  move, 
corresponding  with  infinite  external  resistance  and  cur- 
rent nought),  because  if  the  engine  is  moving  at  all  some 
of  its  pulling  power  is  employed  in  moving  itself.  And 
so  with  a  battery,  if  any  current  at  all  is  flowing,  the 
terminal  P.D.  must  always  be  slightly  less  than  the  E.M.F. 

If  a  current  A  amperes  be  sent  through  a  battery  of 
resistance  b  ohms,  in  the  direction  opposed  to  that  in 
which  the  battery  would  itself  send  a  current,  then  the 
P.D.  of  V  volts  maintained  between  the  battery  terminals 
has  to  send  this  current  against  the  battery  resistance  b, 
as  well  as  to  overcome  the  E.M.F.  of  the  battery,  say  E 
volts.  Hence  in  this  case 

V  =  E  +  A  6. 

*  Example  81.—  A  DanielPs  cell  has  an  E.M.F.  of  1-07 
volt,  .and    an    internal    resistance  of    2£  ;phms  ;    what 
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current  will  it  send  through  an  external  resistance  of 
32  ohms  ?  Answer. — 0031  ampere  nearly, 

v/  Example  82. — A  battery  having  an  E.M.F.  of  15 
volts,  and  an  internal  resistance  of  25  ohms,  is  sending  a 
current  through  an  external  resistance  of  5  ohms ;  what 
is  the  P.D.  between  the  battery  terminals  ? 

Answer. — 2J  volts. 

/  Example  83. — What  current  must  the  battery  in  the 
last  question  send  so  that  its  terminal  P.D.  may  be 
7 '5  volts'?  Answer. — 0'3  ampere. 

Example  84. — If  a  battery  having  an  E.M.F.  of  8 
volts  have  its  terminal  P.D.  reduced  to  2  volts  on  sending 
a  current  of  2  amperes,  what  is  its  internal  resistance  ? 

Answer. — 3  ohms. 

Example  85. — The  P.D.  between  the  terminals  of  a 
battery  is  15  volts  when  the  battery  is  sending  a  current 
of  2  amperes,  and  1 2  volts  when  the  current  is  3  amperes ; 
what  is  its  internal  resistance  ? 

If  E  be  the  unknown  E.M.F.  of  the  battery,  and  b  its 
resistance, 

we  have  15  =  E  —  2  6, 
also  12  =  E  —  3  6, 
or     6  =  3  ohms. 

Answer. — 3  ohms. 

Example  86. — A  battery  having  an  E.M.F.  of  55 
volts,  and  an  internal  resistance  of  0*25  ohm,  is  sending 
a  current  of  20  amperes  through  an  external  resistance. 
How  many  watts  are  spent  in  the  external  resistance, 
and  in  the  battery  itself  ? 

Answer. — The  total  watts  developed  are  20x55,  or 
1,100.  The  watts  taken  by  the  battery  itself,  due  to  its 
resistance,  are  202  x  0'25,  or  100. 

Hence,  the  watts  spent  in  the  external  circuit  are 
1,000. 

Example  87. — A  battery  having  an  E.M.F.  of  2-2 
volts,  and  a  resistance  of  0'18  ohm,  is  opposing  a  current 
sent  through  it  by  a  more  powerful  battery.  If  the 
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current  passing  through  it  is  15  amperes,  what  is  the 
P.D.  between  its  terminals'? 

Since,  generally,  V  =  E  -f  A  b, 

we  have  V  =  2-2  +  15x018; 
.-.     V  =  4-9. 

Answer.  —  4-9  volts. 

120.  Electromotive  Force  of  any  Current  Generator. 
—  If  b  be  the  internal  resistance  of  any  current  generator, 
and  V  be  the  P.D.  in  volts  between  its  terminals,  when 
the  current  that  the  generator  is  producing,  or  is  helping 
to  produce,  is  A  amperes,  it  is  customary  to  call  the 
expression 


voltS 


the  E.M.F.  of  the  generator,  even  when  the  expression  is 
not  independent  of  the  value  of  A.  In  such  a  case  the 
E.M.F.  of  the  generator  is  not  a  constant,  as  it  is  very 
approximately  in  the  case  of  a  battery,  but  varies  with 
the  current  passing,  and  it  must  then  be  regarded  merely 
as  a  name  for  the  value  that  V  +  A6  may  happen  to 
have.  A  dynamo  is  an  example  of  a  very  important 
type  of  current  generator,  the  E.M.F.  of  which  often 
varies  greatly  with  the  current  passing,  and  the  name 
E.M.F.,  which,  like  the  name  resistance,  originally  came 
into  existence  to  designate  a  constant  property  which 
was  not  altered  by  varying  the  current,  is  now  used  in  an 
extended  sense  in  connection  with  a  dynamo,  as  is  the 
name  "resistance"  when  speaking  of  the  apparent  re- 
sistance of  the  electric  arc  (see  §  71,  page  233). 

When  the  E.M.F.  of  a  current  generator  varies  with 
the  current,  we  cannot  find  its  value,  as  we  did  in  the 
case  of  a  battery,  by  stopping  the  current  and  measuring 
the  P.D.  between  the  terminals  of  the  generator,  since 
the  stoppage  of  the  current  would  alter  the  value  of  the 
thing  to  be  measured.  The  values  of  V  and  A  can, 
however,  be  measured  at  any  moment  by  means  of  a 
voltmeter  and  an  ammeter,  and  if  the  generator  be,  for 
example,  a  dynamo,  whose  resistance  is  practically  inde- 
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pendent  of  its  E.M.F.  and  of  the  current  passing  (except 
in  so  far  as  the  current  warms  the  coils  of  the  machine),  we 
can  stop  the  rotation  of  the  armature,  which  reduces  the 
E.M.F.  to  nought,  and  then  measure  b  the  resistance  of 
the  dynamo  by  means  of  a  Wheatstone's  bridge,  as  we 
would  measure  the  resistance  of  any  other  coil  of  wire. 

In  §  117,  page  358,  it  was  proved  that  the  power 
developed  by  a  current  generator  equalled 

AV  +  A2&  watts, 

therefore,  if  we  decide  in  all  cases  to  call  the  expression 
V-J-A6  the  E.M.F.  of  the  generator,  whether  it  be  con- 
stant and  independent  of  the  current  or  not,  it  follows 
that  the  electric  power  developed  by  any  current  generator 
equals  the  product  of  the  current,  that  is  flowing,  into  the 
E.M.F.  of  the  generator  at  the  time.  Hence,  we  may 
define  the  E.M.F.  of  any  current  generator  in  volts  as  the 
ratio  which  the  electric  power  developed  by  the  generator, 
in  watts,  bears  to  the  current  flowing  through  it,  in  amperes, 
this  ratio  being  a  constant  in  the  case  of  a  good  battery, 
but  varying  greatly  with  the  current  in  the  case  of  other 
types  of  current  generators,  such  as  dynamos. 

121.  Power  Absorbed  in  the  Circuit  Exterior  to  the 
Generator.  Back  E.M.F.  —  When  power  is  given  by  a 
current  of  A  amperes  to  a  circuit  between  the  ends  of 
which  a  P.D.  of  V  volts  is  maintained,  the  power  so 
given  equals  AV  watts.  Of  this  a  portion,  A2  a  watts, 
will  be  spent  in  heating  the  circuit  where  a  is  its  resistance 
in  ohms,  and  if 


the  circuit  acts  as  a  simple  resistance,  the  whole  of  the  elec- 
tric energy  given  to  it  being  converted  directly  into  heat. 
If,  however,  no  thermo-pile  be  in  circuit,  and  if 

A2«<  AV, 

there  must  be  some  apparatus  in  the  circuit  which  trans- 
forms electric  energy  into  some  form  of  energy  other  than 
heat,  and  the  rate  at  which  this  transformation  takes 
place  equals  AV_A,a. 
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Two  classes  of  apparatus  may  be  employed  for  re- 
moving electric  energy  from  a  circuit  without  directly 
converting  it  into  heat,  viz.  : — 

( 1 )  An  electromotor  ;  * 

(2)  A  cell,  or  battery,  placed  in  the  circuit  so  that 

its  E.M.F.  opposes  the  current, 

and  we  know  from  §  119,  page  367,  that,  if  the  E.M.F. 
of  an  opposing  cell  has  a  constant  value  of  E  volts,  then 

E  =  Y-Aa; 

so  that  AY— A2 a,  which  represents  the  rate  at  which 
electric  energy  is  withdrawn  from  the  circuit  by  the  cell 
and  not  converted  into  heat,  equals 

AE 

where  E  is  the  "  back  E.M.F."  in  the  circuit,  or  the 
E.M.F.  of  the  cell  opposing  the  current. 

When  there  is  an  electromotor,  or  thermo-pile,  in  the 
circuit  the  expression  Y — A  a  will  not  usually  be  a  con- 
stant and  independent  of  the  current,  as  it  is  in  the  case 
of  a  good  cell,  but  we  are  led  by  analogy  to  call  the  ex- 
pression Y  — A  a  in  all  cases  the  back  E.M.F.  in  the  circuit, 
whether  it  be  constant  and  independent  of  the  current 
or  not.  So  that  in  all  cases,  apart  from  the  heating  clue 
to  resistance,  the  rate  of  conversion  of  electric  energy  in  a 
circuit  into  some  other  form  of  energy  equals  the  product 
of  the  current  into  the  back  E.M.F.  in  the  circuit  at  the 
time  ;  or  we  may  define  the  back  E.M.F.  of  any  apparatus, 
in  volts,  as  the  ratio  which  the  rate  of  conversion,  in  watts, 
of  electric  energy  into  some  other  form  of  energy  bears  to 
the  current,  in  amperes,  flowing  through  the  apparatus. 

If  the  back  E.M.F.  is  independent  of  the  current, 
when,  for  example,  it  is  produced  by  a  battery  which  is 
inserted  in  the  circuit  so  as  to  oppose  the  current,  we 
can  find  its  value  by  stopping  the  current  and  measuring 

*  The  type  of  electromotor  dealt  with  throughout  in  this  chapter 
is  the  "series,"  or  single  circuit,  electromotor  having  its  armature  and 
the  field-magnet  in  series  with  the  main  circuit,  - 
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the  P.D.  between  the  ends  of  the  circuit  containing  the 
back  E.M.F.  When,  however,  the  back  E.M.F.  varies 
with  the  current  while  the  resistance  of  the  apparatus 
producing  it  does  not,  as,  for  example,  in  the  case  of  a 
motor,  the  value  of  the  back  E.M.F.  can  be  ascertained 
at  any  moment  by  taking  simultaneous  observations  of  a 
voltmeter  and  ammeter,  to  determine  the  values  of  V  and 
A,  then,  having  stopped  the  rotation  of  the  armature  of 
the  motor  to  reduce  the  back  E.M.F.  to  nought,  the  resist- 
ance of  the  motor,  a,  can  be  measured  with  a  Wheatstone's 
bridge,  or  in  any  other  convenient  way. 

If,  however,  both  the  back  E.M.F.  and  the  resistance 
of  the  apparatus  producing  the  back  E.M.F.  vary  with 
the  current,  it  may  be  impossible  by  a  direct  measurement 
to  determine  the  exact  values  of  either,  and  it  is  for  this 
reason  that  there  has  been  so  much  doubt  about  the 
value  of  the  back  E.M.F.  in  an  electric  arc,  and,  indeed, 
doubt  as  to  whether  there  is  any  back  E.M.F.  at  all. 

When  there  is  a  back  E.M.F.  of  E  volts  in  a  circuit 
of  resistance  a  ohms,  and  between  the  ends  of  which  a 
P.D.  of  V  volts  is  maintained,  the  current 

V-E 

A  =     —    -  amperes. 
a 

If,  now,  a  and  V  be  kept  constant,  and  E  be  increased, 
A  will  diminish  ;  when  E  becomes  equal  to  V  the  current 
will  be  nought;  when  E  is  made  larger  than  V  the 
current  becomes  negative,  the  change  of  sign  meaning 
that  the  current  begins  to  flow  in  the  opposite  direction ; 
and  the  apparatus  that  previously  had  a  back  E.M.F., 
and  was  withdrawing  electric  energy  from  the  circuit  and 
transforming  it  into  some  other  form  of  energy,  begins 
to  act  as  a  generator,  exerting  a  forward  E.M.F.,  and 
introduces  electric  energy  into  the  circuit. 

Example  88. — A  current  generator  having  a  resist- 
ance of  0*3  ohm,  maintains  a  P.D.  of  100  volts  between 
its  terminals  when  producing  a  current  of  45  amperes. 
What  is  its  E.M.F.  1  Answer.—- '113 £  volt. 
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Example  89. — A  current  generator  has  an  E.M.F.  of 
G7  volts,  and  maintains  a  P.D.  of  G3  volts  between  its 
terminals  when  it  is  producing  a  current  of  12  amperes. 
What  will  be  the  current  when  the  E.M.F.  is  105  volts 
and  the  terminal  P.D.  98  volts'? 

Answer. — It  the  resistance  of  the  generator  is  con- 
stant the  difference  between  the  E.M.F.  and  the  terminal 
P.D.  is  proportional  to  the  current,  therefore  the  required 
current  is  ?  x  12  or  21  amperes. 

Example  90. — A   dynamo  is  sending   current  to   a 
motor  of  0'35  ohm  resistance,  connected  with  the  dynamo 
with  leads,  having  a  resistance  of  1    ohm.     The   P.D. 
between  the  terminals  of  the  dynamo  is  98  volts  when 
the  current  is  5  amperes;  what  is  the  back  E.M.F.  of  the 
motor  and  the  P.D.  maintained  between  its  terminals? 
Answer.—  E.M.F.  =  91J  volts. 
P.D.  =  93  volts. 

Example  91. — A  battery  of  3  cells  in  series,  each 
having  1*08  volt  E.M.F.,  is  joined  up  in  circuit  with 
two  lead  plates  immersed  in  dilute  sulphuric  acid.  The 
resistance  of  the  whole  circuit,  including  the  battery  and 
the  lead  cell,  is  2*7  ohms,  and  the  current  is  found  to  be 
0-385  ampere.  What  is  the  back  E.M.F.  of  the  lead  cell  ? 

Answer. — 2-2  volts. 

Example  92. — A  battery  sends  current  through  a  cell 
consisting  of  two  lead  plates  in  dilute  sulphuric  acid,  the 
cell  having  a  back  E.M.F.  of  2  volts.  What  is  the  resist- 
ance of  the  cell  if  the  P.D.  between  the  terminals  is  5  volts 
and  the  current  1'5  ampere  ?  Answer. — 2  ohms. 

Example  93. — The  resistance  of  a  motor  is  0'64  ohm, 
and  when  a  P.D.  of  83  volts  is  maintained  between  its 
terminals  a  current  of  25  amperes  passes.  What  is  the 
back  E.M.F.  of  the  motor?  Answer. — 67  volts. 

Example  94. — If  the  resistance  of  a  motor  is  2  ohms, 
and  when  a  P.D.  of  100  volts  is  maintained  between  its 
terminals  it  runs  at  such  a  speed  that  its  back  E.M.F.  is 
85  volts,  what  is  the  current  flowing  through  the  motor  ] 

Answer. — 7J  amperes. 
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Example  95. — A  current  of  30  amperes  is  flowing 
through  a  motor  of  |-  ohm  resistance,  and  it  is  running  at 
such  a  speed  that  its  back  E.M.F.  is  76  volts.  What  is 
the  P.D.  that  is  maintained  between  the  motor  terminals'? 

Answer. — 91  volts. 

122.  Distribution  of  Potential  in  a  Battery.— If  the 
terminals  of  a  cell  be  insulated  from  one  another  the 
P.D.  between  the  terminals,  as  we  have  seen,  is  a  constant 
for  the  particular  type  of  cell.  The  way  in  which  the 

potential  varies  in- 
side the  cell,  the 
exact  way  in 
which  it  changes 
from  the  lower 
value  at  one  ter- 
minal of  the  cell 
to  the  higher  value 
of  the  other,  is 
not  certain.  By 
some  it  is  believed 
that  the  major 
part  of  the  P.D. 
is  produced  at  a 
junction  of  one 
metal  with  another 

in  the  cell,  whereas  it  is  thought  by  others  that  it  is  at  a 
junction  of  an  oxidisable  metal  with  a  liquid  that  the 
P.D.  is  set  up,  and  that  the  P.D.  between  two  metals  in 
contact  is  very  small.  As  regards  the  parts  of  the 
circuit  external  to  the  cell  it  is  unimportant  how  the 
potential  varies  inside  the  cell,  for  the  E.M.F.  and  resist 
ance  of  the  cell,  together  with  the  arrangement  of  the 
outside  circuit,  determine  the  variation  of  potential  from 
point  to  point  along  this  outside  circuit.  We  may, 
therefore,  represent  the  distribution  of  potential  in  a  cell 
whose  terminals  are  insulated  from  one  another  by  the 
line  F  G  m  (Fig.  170),  the  potential  at  the  positive 
terminal,  p,  of  the  cell  exceeding  that  at  the  negative 


170,  171. -Distribution  of  Potential  in  a 
Single  Cell. 
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terminal,  N,  by  an  amount  G  H,  which  therefore  represents 
the  E.M.F.  of  the  cell.  The  line  F  G  H  i  (Fig.  170)  is 
drawn  as  if  the  E.M.F.  of  the  cell  were  wholly  produced 
at  the  contact  of  the  zinc  plate  with  the  copper  wire 
attached  to  it,  and,  as  far  as  points  outside  the  cell  are 
concerned,  it  is  immaterial  whether  the  potential  line  is 
F  G  H  I  (Fig.  170),  or  whether,  as  the  experiments  of 
Prof.  Perry  and  the  author  appear  to  show,  it  is  like 
F  G  G1  G11  Gm  GIV  H  i  (Fig.  171)  in  the  case  of  a  cell  con- 
sisting of  PI  plate  of  zinc  and  of  copper  immersed  in  a 
solution  of  common  salt,  having  a  specific  gravity  of  1'IS 
at  20'50C.  For,  as  already  stated,  the  distribution  of 
the  potential  along  the  outside  circuit  depends  simply  on 
three  things — one,  the  outside  circuit;  two,  the  resistance 
of  the  cell;  and  three,  the  height  that  the  line  H  I  is  above 
the  line  F  G  when  the  terminals  are  insulated  from  one 
another.  Therefore,  as  long  as  the  height  G  H  is  constant 
we  may,  as  far  as  points  outside  the  cell  are  concerned, 
neglect  the  various  steps  in  the  potential  curve  inside  the 
cell,  and  assume  that  the  E.M.F.  is  wholly  produced  by 
one  single  step.  But  while  the  line  G  H  represents  a 
fixed  E.M.F.  in  volts  for  an  insulated  cell  of  a  given 
type,  the  actual  value  of  the  potential  of  either  terminal 
of  the  cell  relatively  to  the  earth  may  be  anything  we 
like.  If  the  terminal  N  be  put  to  earth  its  potential  will 
be  zero,  so  that  the  line  of  zero  potential  will  be  F  G, 
while  on  the  contrary,  if  the  terminal  p  be  put  to  earth, 
the  line  of  zero  potential  will  be  H  i,  and  F  G  will  then 
represent  a  potential  below  zero.  Lastly,  the  whole  cell 
may  be  insulated  and  charged  until  the  potential  of  either 
terminal  relatively  to  the  earth  has  any  value  such  as 
plus  or  minus  1,000  volts  ;  the  P.D.  between  the  terminals 
p  and  N  will  remain  as  before  as  long  as  they  are  in- 
sulated from  one  another,  and  the  chemical  constitution 
of  the  cells  remains  unchanged. 

If  three  similar  cells,  each  having  an  E.M.F.  of 
0'93  volt,  be  joined  up  in  series  and  the  terminals  of 
the  battery  be  insulated  from  one  another,  then,  dis- 
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regarding  the  distribution  of  potential  from  point  to 
point  inside  each  cell,  the  general  distribution  will  bo 
given  by  the  line  FGHIJKLM  (Fig.  172),  the  lengths 
of  the  lines  G  H,  u,  and  K  L,  which  respectively  represent 
the  E.M.Fs.  of  the  cells,  being  equal  to  one  another, 
If,  on  the  other  hand,  the  cells  be  of  different  types,  then 
the  lengths  of  the  lines  G  H,  u,  and  K  L  will  differ. 

From  these  figures 
it  will  be  soon  that, 
while  the  copper  wire  P 
attached  to  the  copper 
plate  of  a  cell  is  the 
"  positive  terminal "  of 
the  cell,  the  zinc  plate 
is  the  "positive  plate" 
for  the  potential  sud- 
denly rises  in  passing 
from  the  copper  wire  N 
to  the  zinc  plate,  which 
is  metallically  fastened 
to  this  wire.  This  is 
indicated  symbolically 
in  the  figures. 

Next,  let  three  cells 
of  different  E.M.Fs. 
and  resistances  be  em- 
ployed in  series  to  send  a  current  through  an  external 
resistance.  Let  the  short  thick  and  the  long  thin 
lines  which  stand  for  the  zinc  and  the  copper  plates 
of  the  battery  be  drawn  in  Fig.  173  so  that  the  hori- 
zontal distances  between  these  lines  are  proportional  to 
the  resistances  of  the  cells  and  of  the  wires  connecting 
them  together,  some  convenient  length  being  taken  to 
represent  1  ohm.  On  the  same  scale,  let  the  line  P  Q 
represent  the  resistance  of  the  circuit  external  to  the 
cells,  so  that  the  end  Q  of  this  external  circuit  is  in 
reality  attached  to  N,  the  zinc  plate  of  the  first  cell.  Next, 
along  a  horizontal  line  whose  level  is  taken  to  indicate 


Fig.  172.— Distribution  of  Potential  in 
Three  Cells  in  Series. 
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the  potential  of  the  point  Q,  mark  off  lengths  G  R,  R  s, 
ST,  and  TU  to  represent  respectively  the  resistances  of 
the  three  cells  and  of  the  conductor  p  Q,  which  is  external 
to  the  battery.  On  a  vertical  line  passing  through  G 
mark  off  lengths  G  H,  HV,  and  vw  to  represent  re- 
spectively the  E.M.Fs.  of  the  cells,  some  convenient 
length  being  taken  to  represent  1  volt ;  join  w  and  u. 
Next,  through  the  points  R,  s,  and  T  draw  vertical  lines, 
and  through 
the  points  H 
and  V  draw 
sloping  lines 
parallel  to 
w  u  ;  then 
the  points  of 
intersection 
I,  J,  K,  L,  and 
M  give  the 
potentials  at 
the  terminals 
of  the  cells 
relatively  to 
the  potential 
at  Q,  and  the 

line  M  u  gives  the  potential  of  any  point  in  p  Q  relatively 
to  that  of  Q.  For  example,  the  P.D.  between  x  and  Q  is 
represented  by  the  line  Y  z,  on  the  same  scale  that  the 
lines  GH,  H  v,  and  vw  represent  the  E.M.Fs.  of  the  cells. 
The  preceding  follows  from  the  fact,  first,  that  when 
a  steady  current  is  flowing  through  any  single  circuit 
(that  is,  a  circuit  without  branches)  the  current  in  all 
parts  of  the  circuit  is  the  same ;  secondly,  that  when  a 
steady  current  is  flowing  through  a  conductor  the  ratio 
of  the  P.D.  between  any  two  points  to  the  resistance  of 
the  conductor  between  those  points  is  constant.  Hence, 
the  slopes  of  the  lines  H  I,  J  K,  and  of  L  u  to  the  horizontal 
line  G  u  must  be  the  same,  and,  if  the  same  unit  of  length 
be  used  vertically  for  1  volt  as  is  used  horizontally  for 


Fig.  173.— Distribution  of  Potential  in  a  Battery  and 
External  Circuit, 
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1  ohm,  the  current  flowing  in  amperes  is  numerically 
equal  to  the  tangent  of  the  angle  which  any  one  of  these 
sloping  lines  makes  with  G  u.  Or  generally,  whatever 
be  the  lengths  employed  to  represent  an  ohm  and  a  volt 
respectively,  the  current  in  amperes  equals  the  tangent 
of  the  angle  that  w  u  makes  with  G  u  multiplied  by  the 
ratio  of  the  lengths  taken  to  represent  an  ohm  and 
a  volt  respectively. 


Fig.  174. — Distribution  of  Potential  in  a  Battery  and  External  Circuit  contain- 
ing an  opposing  B.M.P. 

As  an  example  of  this  general  method  of  constructing 
the  potential  line,  let  us  consider  the  case  of  using  four 
cells  in  series  having  E.M.Fs.  of  1,  1-3,  0-9,  and  1-85 
volt  respectively,  and  resistances  of  5,  0*7,  1'5,  and  0-3 
ohm  respectively,  to  send  a  current  through  an  external 
circuit  consisting  of  a  wire  of  4  ohms'  resistance,  and 
having  a  cell  of  1'5  volt  E.M.F.  and  1-5  ohm  resistance 
inserted  at  its  centre  so  as  to  oppose  the  current.  Along 
a  horizontal  line  (Fig.  174)  mark  off  lengths  B  c,  CD, 
D  F,  F  G,  G  i,  u,  and  j  K  to  represent  to  scale  the  resist- 
ances of  the  first,  second,  third,  and  fourth  cells,  the 
resistance  of  half  the  external  wire,  the  resistance  of  the 
opposing  cell,  and  the  resistance  of  the  other  half  of  the 
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external  wire.  Along  a  vertical  line  passing  through  B 
mark  off  B  L,  L  M,  M  N,  NO,  and  o  P  to  represent  to  scale 
the  E.M.Fs.  of  the  five  cells— viz.  1,  1'3,  0'9,  1-85,  and 
—  1*5.  B  P,  therefore,  represents  the  total  E.M.F.  in 
the  circuit,  while  BK  represents  the  total  resistance. 
Hence  the  line  joining  P  and  K  gives  the  slope  of  the 
potential,  and  the  tangent  of  the  angle  P  K  B  multiplied 
by  the  ratio  of  the  lengths  used  to  represent  an  ohm  and  a 
volt  respectively  equals  the  current  in  amperes  that  flows 
through  the  circuit,  which  in  this  case  is  0*273  ampere. 

Through  the  points  on  B  K  erect  vertical  lines,  and 
through  the  points  on  B  o  draw  sloping  lines  each  parallel 
to  P  K  ;  then  the  points  of  intersection  Q,  R,  s,  T,  u,  v,  w, 
x,  Y,  z  give  the  potentials  at  the  various  junctions.  For 
example,  the  potential  at  the  copper  plate  of  the  third 
cell  relatively  to  the  potential  at  the  end  of  the  circuit  K  is 
represented  by  F  u ;  the  P.D.  between  the  point  I,  which 
is  at  the  end  of  the  first  half  of  the  external  wire,  and  the 
point  K,  at  the  end  of  the  second  half,  is  represented  by  I  x. 

If  we  consider  any  pair  of  points  like  T  and  u,  or  w 
and  x,  or  Y  and  z,  &c.,  such  that  the  potential  line  falls 
steadily  between  the  points  without  discontinuity,  the 
difference  between  the  ordinates  of  the  potential  line  at  the 
two  points  equals  the  product  of  the  current  in  amperes 
into  the  resistance  between  the  points.  For  example, 

DT  —  FU  =  0-273  x   1-5  volt. 
GW  —  i  x  —  0-273  x  2        „ 
i  Y  —  j  z  =•  0-273  x  1-5     „ 

While  DT— FU  represents  the  potential  lost  in  the 
second  cell,  it  does  not,  however,  represent  the  P.D. 
between  the  terminals  of  this  cell,  for  the  potential  of 
the  copper  wire  attached  to  the  zinc  plate  of  this  cell  is 
not  D  T,  but  D  s ;  so  that  the  P.D.  between  the  terminals 
of  this  cell,  measured  in  the  direction  in  which  the 
current  flows,  is  DS  — FU,  a  negative  quantity.  The 
current,  in  fact,  is  forced  by  the  cell  to  flow  from  a  point 
of  low  potential  to  a  point  of  high. 
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It  is  to  be  remembered  that  the  preceding  figures,  as 
already  explained,  are  drawn  as  if  the  E.M.F.  of  each  cell 
was  generated  at  one  contact — viz.  between  the  zinc  plate 
and  the  copper  wire  attached  to  it.  The  potential,  there- 
fore, at  the  points  D,  F,  &c.,  has  in  each  case  two  values, 
depending  on  whether  we  refer  to  the  potential  of  the 
zinc  plate  or  the  potential  of  the  copper  wire  attached  to 
it.  The  P.D.  available  for  sending  the  current  through 
the  third  cell  and  overcoming  its  resistance  is  DT  —  F  u, 
but  the  P.D.  that  would  be  measured  on  a  voltmeter 
attached  to  the  terminals  of  the  third  cell  would  be 
FU  — DS.  If,  therefore,  V  be  the  P.D.  measured  by 
the  voltmeter,  E  be  the  E.M.F.  of  the  cell,  c  its  resist- 
ance, and  A  be  the  current  flowing,  we  have 
Ac  =  D  T  —  F  u, 
V  =  F  u  —  D  s, 

E   =  ST, 

or    Y  =  F  u  —  (D  T  —  s  T) 
=  s  T  —  (D  T  —  F  u), 
.-.   V  =  E  -  Ac, 
as  stated  in  §119,  page  364. 

For  this  cell,  E  is  by  hypothesis  O9  volt,  and  c  1  -5 

ohm,  therefore 

V  =  0-9  -  0-273x1-5 

=  0-4905  volt. 

Hence,  if  \V  is  the  rate  in  watts  at  which  electric  energy 
is  given  to  the  outside  circuit  by  this  cell, 
W  =  0-273x0-4905 

=  0-1339  watt. 

Also,  if  Wj  represents  the  rate  in  watts  at  which  chemical 
energy  is  converted  into  electric  energy  in  the  cell, 
Wl  =  0-273x0-9 

=  0-2457  watt; 

and,  if  W2  represents  the  rate  in  watts  at  which  electric 
energy  is  converted  into  heat  in  the  cell, 
W2  =  W1  -  W 
=  0-1118  watt, 
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or  W2  may  be  found  by  multiplying  the  square  of  the 
current  by  the  resistance  of  the  cell,  so  that 

W2  =  0-2732  x  1-5 

=  0-1118  watt  as  before.  -^ 

123.  A  Current  Generator  may  Abstract  Energy 
from  a  Circuit  even  when  its  E.M,F.  Helps  the 
Current. — When  a  current  is  passing  through  a  generator 
in  the  direction  of  its  E.M.F.  the  excess  of  the  potential 
at  the  terminal  by  which  the  current  leaves  the  generator 
over  the  potential  at  the  terminal  by  which  it  enters  it 
represents  that  portion  of  the  E.M.F.  of  the  generator 
which,  not  having  been  used  in  sending  the  current 
through  the  generator  itself,  is  available  for  sending  it 
through  the  external  circuit.  If,  however,  the  potential 
at  the  terminal  of  the  generator  by  which  the  current 
leaves  it  is  lower  than  the  potential  at  the  terminal  by 
which  the  current  enters  it,  electric  energy  is  absorbed  by 
the  generator,  whether  the  generator  be  joined  up  so  as 
to  help  or  to  oppose  the  current. 

For  example,  the  first,  second,  third,  and  fourth  cells 
in  Fig.  174  (page  378)  are  all  joined  up  the  same  way, 
and  in  each  of  them  there  is  a  conversion  of  chemical 
energy  into  electric  energy  ;  but  in  the  case  of  the  first 
cell  the  potential  at  the  leaving  terminal  c  is  CQ,  a 
negative  quantity,  and  is,  therefore,  lower  than  the 
potential  at  the  entering  terminal  K  or  B,  which  has  been 
arbitrarily  taken  as  our  zero  of  potential.  Hence  the 
drop  of  potential  in  this  first  cell  is  actually  greater  than 
B  L  the  E.M.F.  of  the  cell,  for  it  is  equal  to  c  Q  +  B  L.  So 
that,  if  V  is  the  P.D.  in  volts  measured  by  a  voltmeter 
attached  to  the  terminals  of  this  first  cell, 

Also        V  =  c  Q, 
E  =  BL, 

Ac=CQ   +   BL, 

=  V    +  E. 
Hence     V  =  A  c  —  E 
for  this  first  cell,  and  not  V  =  E  —  A  c,  which  is  the 
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usual  relationship  when  a  current  is  passing  through  a 
cell  in  the  direction  of  its  E.M.F. 

Let  W  be  the  rate  in  watts  at  which  electric  energy 
is  taken  from  the  outside  circuit  by  this  cell,  then 


Also,  if  Wj  is  the  rate  in  watts  at  which  chemical  energy 
is  converted  into  electric  energy  in  this  cell, 


and  if  W2  is  the  rate  in  watts  at  which  electric  energy  is 
converted  into  heat  in  the  cell, 


Therefore,  combining  these  last  three  equations  with  the 
equation  given  above  for  V,  we  have 

W  =  W3  -  WT, 

or      W2  =  W    +  W1B 

Hence,  the  electric  energy  which  is  converted  into 
heat  in  this  cell  is  greater  than  that  produced  by  the 
whole  chemical  action  taking  place  in  it,  and,  although 
the  current  is  passing  through  this  first  cell  in  the 
direction  of  its  E.M.F.,  the  current  is  greater  than  would 
be  produced  if  the  cell  were  short-circuited  ;  hence,  the 
cell  abstracts  electric  energy  from  the  circuit  instead  of 
giving  electric  energy  to  it,  which  is  what  a  cell  usually 
does  when  the  current  is  passing  through  it  in  the 
direction  of  its  E.M.F. 

If  we  now  substitute  in  the  preceding  equations  the 
values  of  c  and  E,  which  are  5  ohms  and  1  volt  for  this 
first  cell,  and  of  A,  which  is  0-273  ampere  for  the  whole 
circuit,  we  have 

Y  =  0-273x5  -  1 

=  0-365  volt, 
W  =  AV 

=  0-273x0-365 
=  0-0996  watt, 
Wj  =  0-273  x  1 
=  0-273  watt. 
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and     W0  =  0-2732  x  5 

"  —  0-3726  watt; 
or     W,  =  W  +  Wl 

"  =  0-0996  +  0-273 

=  0-3726  watt, 
as  given  above. 

Next,  let  us  consider  the  fifth  cell,  which  has  been 
inserted  between  the  points  I  and  J  so  as  to  oppose  the 
current.  In  this  case,  not  merely  is  the  potential  J  z  at 
the  terminal  J  by  which  the  current  leaves  the  cell  lower 
than  the  potential  I  x  at  the  terminal  I  by  which  the 
current  enters  the  cell,  but  the  E.M.F.  of  the  cell  opposes 
the  current.  Hence,  in  the  cell  electric  energy  will  be 
withdrawn  from  the  circuit  and  converted  into  heat,  and 
electric  energy  will  also  be  withdrawn  from  the  circuit 
and  converted  into  chemical  energy. 

If  V  is  the  P.D.  measured  by  a  voltmeter  attached 
to  the  terminals  of  the  cell, 

Y  =  i  x  —  j  z, 
also         E  =  Y  x, 
and       Ac  =  I  Y  —  j  z ; 
hence      V  =  IY  +  YX  —  jz, 

.  • .     V  =    E  +  A  c, 

which  we  have  already  seen  (§  119,  page  367)  is  the 
formula  for  a  cell  of  resistance  c  ohms  when  a  current  of 
A  amperes  passes  it  in  opposition  to  its  E.M.F.  of  E  volts. 
For  this  cell,  E  is  by  hypothesis  1-5  volt  and  c  1*5  ohm, 
therefore,  V  =  1.5  +  o.273x  1-5 

=  1-909  volt. 

Hence,  if  W  is  the  rate  in  watts  at  which  electric  energy 
is  given  to  this  cell, 

W  =  0-273x1-909 
=  0-5211  watt; 

also  if  Wj  represents  the  rate  in  watts  at  which  electric 
energy  is  converted  into  chemical  energy  in  the  cell, 
Wj  =  0-273x1-5 
=  0  4095  watt 
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and  if  W2  represents  the  rate  in  watts  at  which  electric 
energy  is  converted  into  heat  in  the  cell, 

W2  =  W  -  Wl 

=  0-1116  watt  as  before, 

or  W0  may  be  found  by  multiplying  the  square  of  the 
current  by  the  resistance  of 
the  cell,  so  that 

W2  =  0~-2733x  1-5 

"  =  0-1116  watt,  as  before. 

When  a  current  is  passing 
through  a  cell  there  are  four 
possible  distributions  of  po- 
tentials represented  by  Figs. 
175,  176,  177,  and  178,  the 
current  in  each  case  flowing 
from  left  to  right.  In  Fig. 
175  the  rate  of  transformation 
of  chemical  energy  into  electric 
energy  exceeds  the  rate  of  con- 
version of  electric  energy  into 
heat  in  the  cell,  and  the  cell 
gives  electric  energy  to  the 
external  circuit. 

In  Fig.  176  the  rate  of 
transformation  of  chemical 
energy  into  electric  energy  is 
exactly  equal  to  the  rate  of 
conversion  of  electric  energy 
into  heat  in  the  cell,  and  the 
cell  neither  gives  energy  to  the 
outside  circuit  nor  receives 
energy  from  it.  This  is  what 

happens  when  a  cell  is  short-circuited  with  an  extremely 
short  thick  copper  wire,  or  when  the  current  passing 
through  a  cell  in  a  circuit  containing  other  current 
generators  is  such  that  the  potential  at  the  terminal  of 


Figs.  175,  176,  177,  178. 
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the  cell  by  which  the  current  leaves  the  cell  is  exactly 
equal  to  the  potential  at  the  terminal  by  which  it  enters. 

In  Fig.  177  the  rate  of  transformation  of  chemical 
energy  into  electric  energy  is  less  than  the  rate  of  con- 
version of  electric  energy  into  heat  in  the  cell,  and  the 
cell  abstracts  energy  from  the  outside  circuit. 

In  Fig.  178  the  rate  at  which  the  cell  receives  energy 
from  the  outside  circuit  equals  the  sum  of  the  rates  at 
which  electric  energy  is  converted  into  chemical  energy 
in  the  cell,  and  at  which  electric  energy  is  converted  into 
heat  in  the  cell. 

Fig.  175  may  be  likened  to  a  pump  which  raises  water, 
and  also  wastes  some  energy  in  friction ;  Fig.  176  to  a 
pump  which  raises  no  water,  but  wastes  all  the  energy  it 
receives  in  friction  in  its  own  mechanism  ;  Fig.  177  to  a 
pump  which  raises  water,  wasting  some  energy  in  friction, 
and  which  is  partly  driven  by  allowing  the  water  to  sub- 
sequently fall  to  a  greater  distance  than  that  to  which 
the  pump  has  raised  it;  Fig.  178  corresponds  with  a 
turbine  which  is  driven  by  falling  water,  some  of  the 
energy  of  the  falling  water  being  wasted  in  friction  of 
the  mechanism. 

Example  96. — What  are  the  maximum  currents  that 
can  be  passed  through  the  following  cells,  if  they  are  not 
to  abstract  energy  from  the  circuit  when  they  are  joined 
up  so  that  their  E.M.F.  tends  to  assist  the  current? 

Cell  (a)  has  E.M.F.  1«1  volt  and  resistance  75  ohm. 
Cell  (b)  has  E.M.F.  1-5  volt  and  resistance  -3  ohm. 
Cell  (c)  has  E.M.F.  2-1  volt  and  resistance  '1  ohm. 

Answer. — (a)  1-47  ampere. 

(b)  5-00  amperes. 

(c)  21-0  amperes. 
124.    External    Circuit  that  Receives  Maximum 

Power  from  a  Given  Current  Generator. — Let  E  be  the 
E.M.F.  of  the  current  generator  in  volts,  and  b  its  resist- 
ance in  ohms,  then,  if  A  is  the  current  in  amperes  pro- 
duced when  the  terminals  of  the  generator  are  connected 


& 
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to  the  ends  of  some  external  circuit,  and  if  W  is  the 
power  in  watts  given  to  this  external  circuit,  Wl  the 
electric  power  in  watts  produced  in  the  generator,  and 
W3  the  power  in  watts  wasted  in  heating  the  generator, 

WT  =  AE 

WQ  =  A3  6, 
~ 


in  all  cases. 

The  change,  however,  produced  in  the  value  of  W  by 
varying  the  external  circuit  so  as  to  alter  the  value  of  A 
will  depend  on  whether  the  values  of  E  and  b  are  con- 
stant and  independent  of  the  value  of  A,  or  whether  one 
or  both  vary  with  A.  If  the  generator  be  one  having  a 
fixed  E.M.F.  and  resistance  an  examination  of  the  change 
of  the  value  of  W  with  a  variation  in.  the  current,  A,  is 
quite  simple.  For  when  the  external  circuit  is  so  selected 
that  A  is  very  small,  then  W  is  obviously  very  small  ;  if,  now, 
the  circuit  be  gradually  altered  so  as  to  make  A  increase 
then  W  increases  ;  on  the  other  hand,  when  A  has  nearly 

E 

its  maximum  value,  viz.  —  ,  which  is,  of  course,  attained 
6 

on  the  generator  being  short-circuited,  W  is  very  small 
again.  As  A  is  continuously  increased  there  must,  there- 
fore, be  some  value  of  A  at  which  W  ceases  to  increase 
and  begins  to  diminish,  'or,  in  other  words,  there  must  be 
some  value  of  A  which  makes  the  expression  just  given 
for  W  a  maximum. 

To  ascertain  this  value  of  A  we  may  employ 
various  methods  ;  for  example,  we  may  give  arbitrary 
values  to  E  and  b,  plot  a  curve  connecting  W  and  A, 
and  find  out  by  inspection  the  approximate  value  of  A 
for  which  W  is  a  maximum.  Such  a  curve  is  seen  in 
Fig.  179,  the  values  of  2  volts  and  3  ohms  having  been 
arbitrarily  given  to  E  and  b  respectively  in  calculating 
the  values  of  the  expression  for  W.  From  this  curve  we 
see  that  W  is  a  maximum  for  some  value  of  A  between 
0'32  ampere  and  0*36  ampere,  and  that  this  value  of  A 
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is  somewhat  nearer  0'32  than  0*36  ampere.  If  the  curve 
be  drawn  on  a  much  larger  scale,  so  that  the  value  of  A 
that  makes  W  a  maximum  can  be  read  off  with  still 
greater  accuracy,  it  is  found  that  this  value  of  A  is  0'33 
or  ^  ampere.  Now  J  ampere  is  half  f  ampere,  which  is 


Fig.  179.— Curve  showing  the  Value  of  the  Current  that  gives  the  Maximum 
Power  to  an  External  Circuit. 

the  current  that  the  generator  would  produce  if  short- 
circuited,  and  the  same  result  would  be  arrived  at  what- 
ever values  were  given  to  E  and  c;  therefore,  generally, 
we  may  conclude  that  the  external  circuit  which  receives 
maximum  power  from  a  current  generator,  of  fixed  E.M.F. 
and  resistance,  is  the  circuit  which  makes  the  current  halj 
as  great  as  it  would  be  if  the  generator  were  short- 
circuited. 
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The  following  is  another  way  of  obtaining  the  same 
result : — 

Since         W  =  A  (E  -  A  6), 

W  =  —  (A2  6  —  A  E), 

W  /  A  E' 

or         — -  =  • 


E2 

therefore,  subtracting  and  adding  —    we  have 

W  /  E         E2\         E2 

=  _  (A2  -  A  -  +   —  )  +    — , 
b  \  64  b"J         4  bz 


Now,  since  (A  —  —  j    is  a  square  it  can  never  be 

W  ^ 

negative,  therefore  —  will  be  a  maximum  when 

A  =  26 ' 

This  method  of  ascertaining  the  value  of  A  which 
makes  W  a  maximum  is  simpler  than  the  preceding  graph- 
ical method,  but,  unlike  the  former,  it  gives  no  indication 
of  the  way  W  diminishes  from  its  maximum  value  as  A 

is  made  greater  or  less  than  — .     A  more  detailed  con- 

2  b 

sideration  of  this  point  will  be  found  in  §  126,  page  397 
When         A     =  ~ , 

we  have     Wl  =  -   -  > 


and  W    =  — 

4  6 
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therefore  a  current  generator,  of  fixed  E.M.F.  and  resist- 
ance, wiU  give  maximum  power  to  an  external  circuit 
when  half  the  electric  power  produced  in  the  generator  is 
wasted  in  heating  itself  and  half  is  given  to  the  external 
circuit;  or  we  may  conclude  that  the  greatest  power  a 
generator  of  fixed  E.M.F.  and  resistance  can  give  to  any 
external  circuit  is  one  quarter  of  the  power  which  the 
generator  tvould  develop  if  short-circuited. 

A  third  method  for  ascertaining  the  conditions  of 
the  external  circuit  so 
that  it  may  receive  the 
maximum  power  is  the 
following  : — Along  two 
axes  OY  and  ox,  at 
right  angles  to  one 
another  (Fig.  180),  set 
off  lengths  o  P  and  o  Q 
respectively,  to  repre- 
sent to  scale  E  the 
constant  E.  M.  F.  of 
the  generator  in  volts 
and  A  the  current  in 

amperes  produced  with  some  particular  arrangement  of 
the  outside  circuit.  Through  the  point  o  draw  a  line  o  R, 
making  with  o  x  an  angle  ROX,  such  that 

tan.  ROX  =  b,  the  constant  resistance  of  the  generator. 

Through  the  point  Q  draw  a  line  parallel  to  OP,  cutting 
OR  in  s,  and  through  the  point  P  a  line  parallel  to  OQ, 
meeting  Q  s  in  T. 

Then  since        QS  =  A  x  tan   ROX 

QS  =  Aft, 

therefore  Q  s  represents  to  scale  the  P.D.  employed  in 
sending  the  current  through  the  generator,  hence  s  T 
represents  V  the  P.D.  in  volts  between  the  terminals  of 
the  generator.  Through  the  point  s  draw  a  line  paralleJ 
to  o  Q,  and  meeting  o  P  in  u. 
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Then  the  area  of  the  rectangle 
o  Q  T  P  =  AE 


P.D.  used  in  generator 


the  area  of  the  rectangle 

o  Q  s  u  =  A 
—  W 

— 

and  the  area  of  the  rectangle 
u  s  T  P  =  AV 
=  W. 

Next  let  the  external  circuit  be  altered  so  that  the  cur- 

rent is  slightly  increased, 
and  let  the  current  be 
now  represented  by  o  Q' 
(Fig.  181).  Complete 
a  figure  similar  to  the 
preceding,  obtaining 
points  s',  T'  and  u'  ; 
then  the  power  now 
wasted  in  the  gener- 
ator Wl  is  represented 
by  the  area  of  the  rect- 
angle o  Q'  s'  u',  and  the 
power  W  given  to  the 

external    circuit    is    represented    by   the   area    of    the 
rectangle  u'  s'  T'  P. 

Now  we  wish  to  consider  whether  the  power  given  to 
the  external  circuit  has  been  increased  by  the  increase 
that  has  been  made  in  the  current,  that  is,  we  desire  to 
know  whether  the  area  u'  s'  T'  P  exceeds  the  area  u  s  T  p. 
From  Fig.  181  we  see  that 

area  u'  s'  T'  p  — 

area  u  s  T  p  =:  area  z  s'  T'  T  —  area  u  s  z  u' 

=   Z  S'    X    Z  T  —   S  Z    X    US. 

But  z  s'  =  Q  Q'  ; 

and      ZT  =  ST  —  sz, 
=   V  -  sz; 
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s  z        o  u 

=  —  , 
us 

=  tan.  ROX, 


, 

also 

zs         us 


.  •  .     s  z  =  b  x  Q  Q'  ; 
and     u  s  =  o  Q, 

therefore,  substituting  these  values  for  z  s',  z  T,  s  z  and 
u  s  in  the  expression  given  above,  we  see  that  the  increase 
in  the  power  given  to  the  external  circuit  by  an  increase 
in  the  current  of  Q  Q'  equals 

QQ'(V—  b  x  QQ'—  b  x  OQ), 

but  Q  Q'  is  small  compared  with  o  Q,  since  by  hypothesis 
only  a  small  change  was  made  in  the  current,  therefore 
the  increase  in  the  power  given  to  the  external  circuit, 
produced  by  making  a  small  increase  in  the  current, 
equals  approximately 

QQ'(V—  &XOQ). 

This  expression,  will  be  positive  as  long  as  V  exceeds 
b  x  o  Q,  and  will  become  negative  when  V  becomes  less 
than  b  x  o  Q.  But  b  x  OQ  represents  the  P.D.  used  in 
sending  the  current  through  the  cell  ;  hence  making  a 
number  of  changes  in  the  circuit  so  as  to  produce  small 
increments  in  the  current  will  increase  the  power  given 
to  the  external  circuit  as  long  as  Y,  the  P.D.  between 
the  terminals  of  the  generator,  exceeds  the  P.D.  used  in 
the  generator  itself;  but  when  these  two  become  equal 
any  further  increase  in  the  current  will  make  the  increase 
in  the  power  delivered  negative  —  that  is,  will  begin  to 
diminish  the  power  given  to  the  external  circuit.  Con- 
sequently, the  external  circuit  that  receives  maximum 
power  from  a  current  generator,  of  fixed  E.M.F.  and 
resistance,  is  the  circuit  that  makes  the  P.D.  between  the 
terminals  of  the  generator  equal  to  half  its  E.M.F. 

This  is  the  form  of  the  law  that  it  is  most  easy  to  test 
experimentally,  and  the  apparatus  shown  in  Fig.  169, 
page  366,  may  conveniently  be  used  for  this  purpose. 
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The  product  of  the  readings  of  the  ammeter  A  and  the 
voltmeter  v  gives  the  power  furnished  to  the  external 
circuit,  and  if  x,  the  resistance  of  this  circuit,  be  altered 
and  a  set  of  simultaneous  readings  of  the  ammeter  and 
voltmeter  be  taken,  it  will  be  found  that  the  product  of 
these  readings  will  be  a  maximum  when  the  deflection 
of  the  voltmeter  is  half  the  deflection  that  is  obtained 
on  breaking  the  external  circuit — that  is,  when  the  P.D. 
between  the  battery  terminals  is  half  its  E.M.F.  f 

To  test  the  law  in  its  two  previous  forms  would 
require  the  battery  to  be  short-circuited,  but  the  E.M.F. 
of  even  a  so-called  "  constant  battery "  would  change 
somewhat  if  the  battery  were  short-circuited  ;  while  in 
the  case  of  many  useful  batteries,  although  the  E.M.F.  is 
fairly  constant  when  the  resistance  of  the  external 
circuit  is  two,  three,  or  more  times  as  great  as  that  of  the 
battery  itself,  it  would  fall  considerably  on  the  battery 
being  short-circuited,  and  therefore  would  render  an 
experimental  test  of  the  law  in  its  first  two  forms  very 
difficult  to  carry  out. 

It  is  to  be  observed  that  the  preceding  results  are  all 
generally  true,  whatever  be  the  nature  of  that  portion  of 
the  external  circuit  which  we  desire  shall  receive  maxi- 
mum power.  For  example,  the  reasoning  would  be 
exactly  the  same  whether  the  portion  of  the  external 
circuit  under  consideration  were  composed  of  a  variable 
resistance  or  whether  it  contained  in  addition  a  forward 
E.M.F.  produced  by  some  current  generator  that  could 
be  altered,  or  a  back  E.M.F.  produced  by  some  electro- 
lytic cell,  or  by  a  running  electromotor,  the  E.M.F.  of 
which  could  be  adjusted  to  bring  the  current  to  the 
required  value. 

From  what  precedes,  then,  we  may  conclude : — 

(1)  If  an  external  circuit  be  a  simple  resistance  of 
x  ohms,  then  in  order  that  it  may  receive  maximum 
power  from  a  generator  having  a  fixed  E.M.F.  of  E  volts 
and  a  fixed  resistance  of  b  ohms 

x  must  equal  b. 
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(2)  If  the  external  circuit  contain  in  addition  a  forward 
E.M.F.  of  E'  volts, 

E  +   E  E 


x  -  b 
or     E  must  equal     ^  .       X  E. 

(3)  If  it  contain  instead  a  back  E.M.F.  of  E'  volts, 

b  —  x 
E'  must  equal     9  ,      x  E. 

125.  Arrangement  of  Part  of  the  External  Circuit 
to  Receive  Maximum  Power.  —  If  we  desire  that  a  cur- 
rent generator  of  fixed  E.M.F.  and  resistance  shall  give 
maximum  power  to  a  portion  of  an  external  circuit  —  for 
example,  if  the  generator  be  connected  by  long  leads  of 
fixed  resistance  I  ohms  to  a  motor  or  to  lamps  at  a  dis- 
tance, and  we  desire  to  arrange  the  motor  or  the  lamps 
so  that  they  shall  receive  the  maximum  power  —  then  the 
fixed  resistance  of  the  leads  must  be  added  to  the  fixed 
resistance  of  the  generator  ;  hence  for  b  in  what  precedes 
we  must  substitute  b  +  I. 

The  three  equations  given  at  the  end  of  §124  state  the 
conditions  under  which  an  external  circuit  of  resistance  x 
ohms  shall  receive  maximum  power,  this  power  being 
wholly  employed  in  heating  the  circuit  if  it  be  a  simple 
resistance,  and  partly  so  employed  if  the  external  circuit 
has  any  resistance  at  all.  If,  however,  there  be  an 
apparatus  in  the  external  circuit  which  has  a  back  E.M.F. 
of  E'  volts,  and  which,  therefore,  for  example,  produces 
a  transformation  of  electric  energy  into  mechanical  or 
chemical  energy,  and  if  we  desire  to  arrange  this  back 
E.M.F.  so  that  this  transformation  of  energy  may  be 
effected  as  rapidly  as  possible,  and  not  merely  that  the 
apparatus  shall  receive  the  maximum  power,  then  the 
solution  is  not  the  one  previously  given. 

For  if  m  be  the  resistance  of  this  apparatus  in  ohms, 
b  and  I  being  the  resistances  of  the  generator  and  the 
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leads  in  ohms,  then  what  we  DOW  desire  is   not    that 
A  <    E  —  A  (b  +  I)    >  shall   be  a  maximum,  but  that 


AE'  shall  be  a  maximum. 
We  know  that 

E  -  E' 

- 


•• 

b  +  I  +  m 

and,  by  comparing  this  with  the  expression  A  (E  =  A  b), 
which  was  shown  in  §  124  page  388,  to  be  a  maximum 

E 

when  A  equalled  ^,  we  may  conclude  that  the  expression 

just  found  for  AE'  will  be  a  maximum  when 


Under  those  circumstances  the  expression  for  the 
rate  of  transformation  of  electric  energy  into  non-heat 
energy  in  the  apparatus  becomes 


and  this  equals 


which  is  the  power  expended  by  the  generator  in  heating 
the  circuit ;  so  that  here  again  the  power  utilised  is  half 
the  total  electric  power  which  the  generator  develops. 

Consequently,  while  it  follows  from  the  equation 
given  at  the  end  of  §  124,  page  239,  that  the  apparatus  in 
question  will  receive  maximum  power  when 

b  +  i  -  m 

-2T(b~+~l)         E' 
the    rate    of    transformation    of    electric    energy    into 
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mechanical  or  chemical  energy,  on  the  contrary,  will  be 
effected  most  rapidly  in  the  apparatus  when 

=•=?• 

All  the  preceding  conclusions  are  based  on  the 
assumption  that  the  E.M.F.  and  resistance  of  the  primary 
current  generator  &ve  fixed  and  independent  of  the  current 
flowing,  and  that  the  arrangement  of  the  external  circuit 
is  the  only  variable  under  consideration.  If,  however, 
either  the  E.M.F.  or  the  resistance  of  the  primary  gener- 
ator change  with  alterations  in  the  current,  then  the 
preceding  conclusions  will  not  be  generally  true,  and  the 
particular  arrangement  of  the  external  circuit  that  will 
receive  maximum  power  from  the  generator  will  depend  on 
the  exact  way  in  which  the  E.M.F.  and  resistance  of  the 
generator  varies  with  the  current  in  each  particular  case. 

Another  class  of  problem  also  sometimes  arises  in 
practice — viz.  one  in  which  the  conditions  of  the  external 
circuit  are  fixed  and  cannot  be  altered,  and  it  is  the 
arrangement  of  the  generator  which  gives  maximum 
power  to  this  external  circuit  that  we  desire  to  find  out. 
In  such  a  case  it  is  clear  that,  since  the  conditions  of 
the  external  circuit  are  fixed  by  hypothesis,  the  power 
given  to  it  will  depend  on  the  current  passing  through 
it ;  hence  the  problem  reduces  itself  to  finding  the 
arrangement  of  the  generator  that  will  send  the  greatest 
current  through  a  given  external  circuit.  To  solve  this 
problem  some  condition  must  necessarily  be  given  limit- 
ing the  power  of  the  generator,  since  without  such  a 
condition  all  we  can  say  is  that  the  larger  the  E.M.F. 
and  the  smaller  the  resistance  of  the  generator  the  greater 
will  be  the  current  it  will  send  through  the  external 
circuit.  When  this  condition  is  that  the  generator  con- 
sists of  a  fixed  number  of  galvanic  cells  of  a  given  type 
the  problem  of  finding  the  arrangement  of  these  cells  to 
produce  the  maximum  current  through  the  fixed  external 
circuit  will  be  found  solved  in  §  163,  page  548.  Other 
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problems  differing  somewhat  in  character,  but  having  a 
certain  resemblance  to  the  problem  discussed  in  this  and 
the  preceding  section,  will  be  found  solved  in  §  164,  page 
549,  in  §  165,  page  553,  and  in  §  166,  page  555. 

Example,  97. — What  is  the  maximum  horse-power  that 
can  be  given  to  any  external  circuit  by  a  battery  of  50 
cells  in  series,  each  having  a  resistance  of  0*05  ohm  and 
anE.M.F.  of  2-2  volts  ? 

Answer. — The  maximum  power  will  be  one-quarter 
of  the  power  which  the  battery  would  develop  if  short- 
circuited,  on  the  assumption  that  short-circuiting  the 
battery  did  not  affect  its  E.M.F.  or  resistance.  There- 
fore the  maximum  power  that  can  be  given  to  any 
external  circuit  equals 

"4    X  50  x  005  x  50  x  2'2'  or  1'210'  watts> 
which  equals  1-622  horse-power. 

Example  98. — How  many  glow  lamps,  each  requiring 
a  current  of  J  ampere  and  a  P.D.  of  100  volts  between 
its  terminals  to  make  it  glow  properly,  can  be  used  with 
the  above  battery  of  cells,  and  how  should  the  lamps  be 
arranged  1 

,  Answer. — In  order  that  the  battery  may  give  maxi- 
mum power  to  the  lamps,  the  lamps,  as  they  contain  no 
forward  or  back  E.M.F.,  must  be  grouped  so  that  the 
resistance  of  the  group  equals  the  resistance  of  the 
battery.  The  latter  is  2 '5  ohms,  while  that  of  one  lamp 

is  -T-,  or  300  ohms ;  hence  the  lamps  must  be  placed  in 

parallel,  and,  if  p  be  the  number  of  lamps  arranged  in 
parallel,  the  lamps  will  receive  maximum  power  when 

55?,,, 

that  is,  when^>  =120. 

It  does  not  follow,  however,  that  120  lamps  can  be 
used  in  parallel  and  each  receive  J  ampere ;  indeed,  all 
the  preceding  shows  us  is  that  arranging  lamps  in 
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parallel  up  to  the  number  of  120  is  the  method  for 
causing  the  group  of  lamps  to  receive  the  maximum 
power  from  the  battery  of  50  cells.  To  find  the  actual 
number  of  lamps,  p,  that  can  be  employed  in  parallel, 
each  lamp  receiving  a  current  of  J  ampere,  we  have 

P  50  x  2-2 

" 


3         50 

.'.     p  =  12, 

or  twelve  is  the  greatest  number  of  lamps  that  can  be 
used,  and  they  must  be  arranged  in  parallel. 

Example  99.  —  A  current  generator  having  a  fixed 
E.M.F.  of  80  volts  and  a  resistance  of  07  ohm  is  used  to 
drive  an  electromotor  having  a  resistance  of  \  ohm,  the 
electromotor  being  connected  with  the  generator  by  mains 
having  a  resistance  of  2  ohms.  What  should  be  the 
back  E.M.F.  of  the  motor  so  that  it  will  receive  the 
maximum  power? 


Answer.       -~  ~      -    x   80,  or  32  -6  volts. 

Example  100.—  What  should  be  the  back  E.M.F.  of 
the  motor  in  the  last  question  so  that  it  may  develop  the 
greatest  mechanical  power  1  Answer.  —  40  volts. 

126.  Way  in  which  Power  Received  by  External 
Circuit  Varies  from  Maximum.  —  In  all  problems  of 
maxima  and  minima  it  is  important  not  merely  to  ascer- 
tain what  is  the  value  of  the  variable  that  makes  the 
given  expression  a  maximum  or  minimum,  but  to  con- 
sider also  how  much  change  is  produced  in  the  value  of 
the  expression  in  question  when  the  value  of  the  variable 
is  altered  from  that  required  to  make  it  a  maximum  or 
minimum. 

For  example,  we  have  seen  that  a  current  generator 
of  constant  E.M.F.  of  E  volts  and  resistance  of  b  ohms 
will  give  maximum  power  to  an  external  circuit  when 

E 

the  current  flowing  equals  -5-7  •       Suppose,  now,  that  the 
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external  circuit  is  arranged  so  that  the  current  is  10  or 
20  per  cent,  larger  or  smaller  than  this  value,  then  how 
much  smaller  will  be  the  power  given  to  this  external 
circuit  than  the  maximum  power  which  the  generator 
could  give  to  it  ? 

The  power  given  to  the  external  circuit 

W  =  A  (E  -  A  b)  watts. 

If    A  = 


then  W  =  --  . 
4  o 

H       A  =  5  +  C, 

thenW  =  (H+°)  (f  ~  ° 

E3        /  E          \   /E          \ 

diminution  of  power         7  -.  [  --  -f-  C  I  [       —  Cb  } 

..        from  maximum       =^  _  V2  *>         )   V2  _  / 
maximum  power  E3 

46 

02  ,6 
E3 
46 


(0 

\  L>?>  / 


and  exactly  the  same  result  would  be  obtained  if  A  were 

E         E 

diminished  from  «  ,  to  ?rr~  C.     Hence  the  proportional 

diminution  in  the  power  given  to  the  external  circuit  from 
its  maximum  value  equals  the  square  of  the  proportional 
change  in  the  current  from  the  value  that  makes  the  power 
a  maximum 
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For  example,  if      E  =  10  volts, 
and     6  =     1  ohm, 

the  external  circuit  will  receive  the  maximum  power, 
viz.  25  watts,  when  the  current  is  5  amperes.  If,  now, 
the  external  circuit  be  such  that  the  current  is  7  or  3 
amperes,  that  is,  40  per  cent,  greater,  or  40  per  cent,  less, 
than  5  amperes,  the  power  given  the  external  circuit  will 

be  21  watts,  that  is  only  ( 1  ,  or  16  per  cent.,  less 

than  25  wratts,  the  maximum. 

Further,  to  produce  a  given  percentage  change  in  the 
current  we  must  make  a  still  greater  percentage  change 
in  the  external  resistance,  hence  the  power  given  to  the 
external  circuit  will  not  differ  much  from  the  maximum 
even  when  the  external  resistance  differs  considerably 
from  that  which  causes  the  external  circuit  to  receive  the 
maximum  power.  To  find  the  exact  change  produced  in 
the  power  let  the  external  circuit  consist  of  a  simple 
resistance  equal  to  b  —  r  ohms,  then  we  have  . 

diminution  of  /  n  \  ° 

power  from  maximum   _      f        ]  . 
maximum  power  V^  :^  J 

diminution  of  (  _   -  -  Y 

power  from  maximum   _      \2  b  —  T         2  b/ 
maximum  power 


(2  b  —  r)2 


where  -  is  the  proportional  diminution  in  the  resistance 
6 
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of  the  external  circuit  from  the  value  that  causes  the 
external  circuit  to  receive  maximum  power. 

If,  instead  of  the  external  circuit  having  a  resistance 
of  r  ohms,  less  than  that  of  the  battery,  it  had  had  a 
resistance  of  r  ohms  greater  than  6,  then  we  should  have 
found 

diminution  of 

power  from  maximum          /  r  \ 2  1 

_ __  _     —       I      __     I         \s 

maximum  power 


As   an   example   let   the  resistance  of  the  external 
circuit  be  only  half  that  of  the  battery,  that  is,  let 

^  =   2" 
diminution  of 

then     power  from  maximum 
maximum  power 

1 

:    9' 
so  that  a  diminution  of  the  resistance  of  the  external 

circuit  from  b  to  —   causes  the  power  received  by  the 

external  circuit  to  be  diminished  by  only  ^th. 

Again,  let  the  resistance  of  the  external  circuit  be  50 

per  cent,  greater  than  that  of  the  battery,  that  is,  let  - 

b 

be  J  as  before,  but  now  using  the  second  form  of  the 
formula  we  have 

diminution  of 
power  from  maximum          /  1  \2  1 

maximum  \2  /  (2'5)2 

=   _L 

"   25' 
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so  that  an  increase  of  the  external  resistance  from  b  to  |  b 
causes  the  power  received  by  the  external  circuit  to  be 
diminished  by  only  ^ih.  And  an  examination  of  the 
second  form  of  the  formula  shows  that  we  may  go  on 
increasing  r  until  r  equals  b,  that  is,  we  may  go  on 


Fig.  182. — Curve  connecting  the  Power  received  by  an  External  Circuit  and  the 
Resistance  of  that  Circuit. 

increasing  the  external  resistance  from  b  to  2  b  without 
the  power  given  to  the  external  circuit  being  less  than 
the  maximum  by  more  than  ^th. 

Finally,  then,  we  may  conclude  that,  if  the  external 
circuit  be  a  simple  resistance,  having  any  value  between 

-  and  2  b  ohms,  the  power  that  it  will  receive  will  not 
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be  less  than   89  per  cent,  of  the  maximum  power,  viz. 

E2 

— -  watts. 
4  6 

The  curve  in  Fig.  182  shows  the  connection  between  xt 
the  external  resistance,  and  W,  the  power  received  by  the 
external  circuit,  equal  lengths  being  taken  to  represent 
an  ohm  and  a  watt,  and  values  of  7  volts  and  2J  ohms 
being  arbitrarily  taken  for  the  fixed  values  of  E  and  b. 
The  curve  is  very  flat  in  the  neighbourhood  of  x  equal  to 
b,  which  illustrates  what  has  been  proved  above,  viz.  that 
while  a  generator  of  fixed  E.M.F.  and  resistance  b  ohms 
gives  the  maximum  power  to  an  external  circuit,  composed 
of  a  simple  resistance  'x  ohms,  when  x  equals  b,  the  power 
received  by  the  external  circuit  will  not  be  materially 
diminished  if  x  has  any  value  from  about  J  b  to  1 J  b. 

If  we  were  dealing  with  the  power  given  by  the 
generator  to  a  portion  only  of  the  circuit,  and  if  this 
portion  consisted  of  a  simple  resistance  of  x  ohms,  then 
in  all  the  preceding  equations  we  should  have  to  sub- 
stitute b  -|-  I  for  b  where  I  ohms  was  the  fixed  resistance 
of  the  leads  connecting  the  generator  with  the  portion 
of  the  circuit  under  consideration.  And  the  curve  in 
Fig.  182  would  then  connect  the  power  given  to  this 
portion  of  the  external  circuit  when  x  was  the  resistance 
of  this  portion  alone,  and  when  the  resistance  of  the 
battery  and  leads  together  was  2J  ohms. 

If  the  external  circuit,  instead  of  consisting  of  a 
simple  resistance,  contains  an  apparatus  possessing  a  back 
E.M.F.  of  E'  volts,  then  we  saw  in  §  125,  page  394,  that, 
apart  from  heating  due  to  resistance,  a  generator  having  a 
fixed  E.M.F.  of  E  volts  will  cause  the  rate  of  transforma- 
tion of  electric  energy  in  this  apparatus  to  be  a  maximum 

E 

when  this  back  E.M.F.  is  adjusted  so  that  it  equals  --  • 

Now  this  rate  of  transformation  of  energy  we  have  seen 

equals  E  -  E'  -,, 

- x  E  watts, 

b  +  I  +  m 
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where  b,  I  and  m  are  the  resistances  in  ohms  of  the 
generator,  the  leads  and  the  apparatus  in  question,  and 
by  applying  to  this  expression  exactly  the  reasoning  that 
was  used  in  connection  with  the  expression  A  (E  —  A  6) 
at  the  beginning  of  the  section,  it  can  be  shown  that  when 

T?'  —  E    +   V 

2  ~ 
diminution  of  rate  of  transformation  ,  0 

of  energy  from  maximum  rate  / 

maximum  rate  of  transformation         '    I    _ 
of  energy  \    2 

Hence,  the  proportional  diminution  of  the  rate  of  trans- 
formation of  electric  energy  due  to  a  back  E.M.F.  in  an 
apparatus  equals  the  square  of  the  proportional  change  in 
the  back  E.M.F.  of  the  apparatus  from  the  value  that 
makes  the  rate  of  transformation  a  maximum. 

For  example,  if         E  =  20  volts 

then,  apart  from  the  production  of  heat  due  to  resistance, 
the  rate  of  transformation  of  electric  energy  will  be  a 
maximum  when  the  back  E.M.F.  is  10  volts.  If,  however, 
the  back  E.M.F.  is  15  or  5  volts,  that  is,  50  per  cent, 
greater,  or  50  per  cent,  less,  than  10  volts,  the  rate  of 
transformation  of  electric  energy 

5  15 

will  be  —  x  5  watts  and  -  X  5  watts 

b  +  I  +  m  b  +  I  +  m 

/50\2 

respectively,  which  are  each  only  (  — —  )  ,  or  25  per  cent., 

\100/ 

less  than 

-  x  10  watts, 
b  +  I  +  m 

the  maximum  rate  of  transformation. 

Example  101. — If  a  battery  of  50  cells  in  series,  each 
having  an  E.M.F.  of  2 -2  volts  and  a  resistance  of  0'05 
ohm,  be  giving  the  maximum  power  to  an  external  circuit, 
what  is  the  current  that  flows,  and  by  how  much  per 
cent,  will  the  power  given  to  the  outside  circuit  be 
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reduced  if  the  circuit  be  altered  so  that  the  current  flow- 
ing is  diminished  by  20  per  cent.  1 

Answer. — 22  amperes ; 

By  4  per  cent. 

Example  102. — If  the  external  circuit  in  the  last 
question  consist  of  a  simple  resistance,  what  is  the  value 
of  this  resistance  when  it  receives  maximum  power,  and 
by  how  much  per  cent,  will  the  power  given  to  the 
external  circuit  be  reduced  if  its  resistance  is  (a)  50  per 
cent,  smaller,  (b)  40  per  cent,  larger,  than  that  which 
corresponds  with  maximum  power1? 

Answer. — 2-5  ohms  ; 

By  6-25  per  cent., 
By  2'778  per  cent. 

Example  103. — A  generator  having  a  fixed  E.M.F. 
of  220  volts  drives  a  motor.  What  should  be  the  back 
E.M.F.  of  the  motor  so  that  it  may  develop  the  greatest 
mechanical  power,  and  by  how  much  will  the  power  it 
develops  be  reduced  if  the  back  E.M.F.  be  increased  by 
trds  above  this  value?  Answer. — 110  volts; 

By  Jths. 

127.  Efficiency. — When,  by  means  of  any  machine, 
or  contrivance,  one  form  of  energy  is  converted  into 
another  form,  some  heat  is  produced ;  hence,  if  heat  energy 
is  not  the  form  in  which  the  energy  is  required  after  the 
conversion,  some  portion  of  the  energy  which  has  been 
used  up  has  been  converted  into  a  useless  form  as  far  as 
the  object  in  question  is  concerned,  and  may,  therefore, 
be  regarded  as  wasted.  Consequently,  in  all  cases  the 
amount  of  useful  energy  produced  is  less  than  the  amount 
of  energy  used  up.  For  example,  when  a  machine  is 
used  to  do  work  there  is  a  waste  of  energy  in  the  heating 
of  the  bearings  of  the  machine ;  if  falling  water  is  em- 
ployed to  turn  a  water  wheel  there  is  in  addition  waste  of 
energy  in  the  eddies  set  up  in  the  water,  in  the  splash  of 
the  water  against  the  blades  of  the  wheel  as  well  as  in 
the  friction  of  the  water  stream  against  the  sides  of  the 
channel  which  guides  it  to  the  wheel.  When  oil,  wax, 
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gas,  tfec.,  are  consumed  as  illuininants  only  a  very  small 
fraction  of  the  available  energy  is  converted  into  the 
special  form  of  energy,  called  light,  which  affects  the 
retina  of  the  eye,  and  the  greater  part  is  wasted  in  heat, 
whose  action  on  the  eye  does  not  differ  from  its  action  on 
other  parts  of  the  body.  Again,  in  a  battery  a  certain 
amount  of  chemical  energy  is  wasted  in  the  heat  pro- 
duced by  "local  action"  (see  §  132,  page  428),  which  goes 
on  even  when  the  battery  is  producing  no  useful  current ; 
further,  on  the  battery  being  used  to  send  a  current 
through  some  external  circuit  a  portion  of  the  chemical 
energy  that  is  converted  into  the  electric  energy  is 
always  wasted  in  heating  the  battery  in  consequence  of 
its  resistance. 

The  value  of  any  machine  or  contrivance  for  effecting 
a  conversion  of  one  form  of  energy  into  another  depends 
first  on  the  rate  at  which  energy  in  a  useful  form  is 
evolved  by  it — that  is,  the  useful  power  the  machine 
develops,  and  which  is  sometimes  called  its  "  useful 
activity" — secondly,  the  value  of  the  contrivance  depends 
on  the  ratio  of  the  amount  of  useful  energy  produced  to 
the  amount  used  up  in  the  process,  and  this  ratio  is  called 
the  "  efficiency" 

Efficiency,  then,  is  expressed  by  a  simple  number,  less 
than  unity,  such  as  J,  0'63,  75  per  cent.,  84  per  cent. 
Sometimes,  however,  it  is  found  convenient  to  employ 
different  units  of  energy,  or  of  power,  in  the  numerator 
and  denominator  of  the  fraction  which  represents  the 
efficiency.  For  example,  while  the  true  efficiency  of  a 
glow  lamp  does  not  generally  exceed  0*01 — that  is,  not 
more  than  one-hundredth  of  the  electric  energy  supplied 
to  it  is  converted  into  light — the  efficiency  of  a  glow 
lamp  is  sometimes  spoken  of  as  J  candle  per  watt,  mean- 
ing that  an  electric  power  of  4  watts  must  be  supplied 
to  the  lamp  to  produce  an  illumination  of  1  candle. 

When  any  current  generator  developing  an  E.M.F. 
of  E  volts  and  having  a  resistance  of  b  ohms  is  sending 
a  current  of  A  amperes  round  any  circuit,  the  ratio 
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which  the  power  in  watts  given  to  the  external  circuit 
bears  to  the  electric  power  in  watts  developed  in  the 
generator  is  A  (E  _  A6) 

AE 

therefore,  this  fraction  is  the  efficiency  of  the  generator. 
The  name  "  electrical  efficiency  "  is  sometimes  given 
to  the  preceding  expression  to  distinguish  it  from  the 
"  commercial  efficiency "  of  the  generator,  which  means 
the  ratio  of  the  useful  electric  power  it  produces  to  the 
total  power  it  consumes.  Now,  the  total  power  con- 
sumed is  always  greater  than  the  total  electric  power 
the  generator  produces.  For  example,  if  the  generator 
be  a  battery  some  of  the  chemicals  will  often  be  wasted 
in  local  action,  or  if  it  be  a  dynamo  there  will  be  power 
wasted  in  friction  at  the  bearings  of  the  machine,  &c. 
Hence  the  commercial  efficiency  of  a  generator  is  always 

less  than 

A  (E  —  Ab) 

AE 

Similarly,  if  E'  be  the  back  E.M.F.  of  a  motor  in 
volts,  m  its  resistance  in  ohms,  and  A  be  the  current  in 
amperes  flowing,  the  electrical  efficiency  of  the  motor  is 

AE'  . 

A  (E'  +  A  m) ' 

while  its  commercial  efficiency,  or  the  ratio  of  the  useful 
mechanical  power  it  produces  to  the  electric  power  it 
receives  from  the  mains,  will  be  less  than  this,  since 
some  of  the  mechanical  power  which  the  motor  produces 
will  be  wasted  in  the  friction  at  its  bearings,  as  well  as  in 
the  friction  between  the  rotating  commutator  and  the 
brushes,  &c.  The  commercial  efficiency,  however,  of  very 
large  well-made  dynamos  and  motors  is  as  high  as  93 
per  cent. 

Example  104. — What  must  be  the  resistance  of  a  cur- 
rent generator  so  that  95  per  cent,  of  the  power  produced 
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by  it  shall  be  given  to  the  outside  circuit,  consisting  of  a 
simple  conductor  having  a  resistance  of  35  ohms  1 

35  95 

We  have    35-^-5  =  100' 

if  b  be  the  resistance  of  the  generator ; 

.-.     b  =  1-842 

Answer. — 1*842  ohm. 

Example  105. — 10 J  horse-power  is  spent  in  driving 
a  dynamo  which  maintains  a  P.D.  of  100  volts  between 
its  terminals  when  it  is  generating  a  current  of  60 
amperes.  What  is  the  commercial  efficiency  of  the 
machine  ? 

Answer. — 10J  horse-power  equals  10J  x  746,  or 
7646-5  watts,  while  a  current  of  60  amperes  at  a  P.I),  of 
100  volts  equals  6,000  watts;  therefore,  the  commercial 
efficiency  is  78'5  per  cent. 

Example  106. — A  motor  having  1J  ohm  resistance 
develops  a  mechanical  power  of  ^  a  horse  when  a  P.D.  of 
60  volts  is  maintained  between  its  terminals  and  a  current 
of  9  amperes  is  sent  through  it.  What  are  the  electrical 
and  the  commercial  efficiencies  of  the  motor  ? 

Answer. — The  power  wasted  on  account  of  the  resist- 
ance of  the  motor  is  121-5  watts,  while  the  power  re- 
ceived is  540  watts ;  therefore,  the  electrical  efficiency  is 

540  —  121-5 

— PJX -,  or  77-5  per  cent.     The  mechanical  power 

developed  is  373  watts ;  therefore,  the  commercial  effi- 

373 
ciency  is  p-rx-,  or  69 '1  per  cent. 

Example  107. — An  electromotor  is  required  to  work 
a  pump  raising  water  through  a  height  of  120  feet.  If 
15,000  gallons  are  to  be  raised  per  day  of  ten  hours, 
what  current  will  the  motor  take  at  200  volts'  pressure, 
supposing  the  "  combined  efficiency"  of  motor  and  pump 
to  be  60  per  cent.  ? 

A  gallon  of  water  weighs  10  Ibs. ;  hence  the  work  to 
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be  done  in  ten  hours  equals  15,000  x  10  x  120  ft.  Ibs., 
so  that  the  power  exerted  in  foot  pounds  per  minute 
equals  30,000.  But  as  40  per  cent,  of  the  power  given 
to  the  motor  is  wasted  in  the  machinery,  the  motor  must 

receive  -g-  x  30,000,  or  50,000  ft.  Ibs.  per  minute. 

Hence     50,000  =  44-23  x  A  x  200, 
.-.     A  =  5-65. 

Answer. — 5 '65  amperes. 

Example  108. — If  electric  energy  is  supplied  by  public 
mains  to  a  factory  at  4^d.  per  Board  of  Trade  unit,  and 
an  electromotor  works  with  an  efficiency  of  80  per  cent., 
how  much  does  the  energy  used  to  drive  the  machinery 
in  the.  factory  cost  per  horse-power  hour  ? 

Answer. — One  Board  of  Trade  unit  equals  1'340 
horse-power  hour,  and  of  this  80  per  cent,  is  delivered 
by  the  motor  to  the  machinery;  therefore,  1-072  horse- 
power hour  costs  4Jd.,  or  one  horse-power  hour  costs 
4-198d. 

Example  109. — If  a  glow  lamp  gives  an  illumination 
of  16  candles  when  a  current  of  0'63  ampere  passes  and 
a  P.D.  of  100  volts  is  maintained  between  its  terminals, 
how  many  watts  are  required  per  candle  1 

Answer.—  3-938. 

128.  Efficiency  of  Electric  Transmission  of  Energy. 
— If  a  stream  of  water  be  used  to  work  a  turbine  that 
drives  a  dynamo  producing  a  current  which  flows  through 
long  leads  and  works  an  electromotor  at  the  other  end 
of  the  leads,  the  commercial  efficiency  of  the  whole 
arrangement  is  the  ratio  of  the  useful  mechanical  power 
developed  by  the  motor  at  the  one  end  of  the  system  to 
the  power  given  by  the  falling  water  to  the  turbine  at 
the  other.  The  whole  power  given  by  the  falling  water 
to  the  turbine  would  not,  however,  be  available  for 
driving  the  machinery  in  a  factory  even  if  the  factory 
were  built  close  to  the  falling  water,  for  some  of  the 
power  will  be  wasted  in  the  turbine  itself;  hence  the 
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"commercial  efficiency  of  transmission"  from  one  end  of 
the  system  to  the  other  may  be  taken  as  the  ratio  that 
the  useful  mechanical  power  given  out  by  the  distant 
electromotor  bears  to  the  mechanical  power  given  by  the 
turbine  to  the  dynamo  at  the  near  end.  The  "  electrical 
efficiency  of  transmission  "  in  such  a  case  is  the  ratio 
that  the  electric  power  which  is  converted  into  mechanical 
power  in  the  motor  bears  to  the  electric  power  which  is 
produced  in  the  dynamo,  or  the  electrical  efficiency  of 
transmission  equals 

AF;       w 

AE     or    E' 

If  6,  Z,  and  m  be  the  resistances  in  ohms  of  the 
dynamo,  the  leads,  and  the  motor  respectively, 

E  -  E' 

A  =  T T—    -  amperes; 

b  +  I  +  m 

therefore,  eliminating  E',  the  electrical  efficiency  of 
transmission  equals 

E  —  A  (b  +  I  +  m) 
E 

Now,  whether  E,  b,  and  m  are  constant  and  inde- 
pendent of  the  current,  or  whether  they  change  their 
values  with  the  current,  the  preceding  expression  varies 

from  zero  when  the  external  circuit  is  such  that  A  equals 
-p 

, -/-     -  (which  will  happen  when  the  motor  is  held 

b  +  I  +  m  v 

.at  rest  so  that  it  has  no  back  E.M.F.  and  acts  simply  like 
a  resistance)  to  unity  when  the  external  circuit  is  such 
that  A  is  zero,  provided,  of  course,  that  neither  b  nor  m 
become  extremely  large  when  A  becomes  very  small. 

The  electrical  efficiency  of  transmission  is,  therefore, 
the  greater  the  smaller  is  the  current.  Diminishing  the 
current,  however,  diminishes  the  power  developed  by  the 
generator  unless  its  E.M.F.  be  increased.  Similarly, 
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diminishing  the  current  diminishes  the  power  that  can  be 
received  by  the  distant  motor  unless  its  back  E.M.F.  is 
increased.  Hence,  to  electrically  transmit  a  large  amount 
of  mechanical  power  over  a  long  distance  with  high  effi- 
ciency we  must  employ  a  dynamo  producing  a  large 
E.M.F.  at  the,  one,  end  and  a  motor  producing  a  large 
back  E.M.F.  at  the  other,  and  the  current  thatjiows  must 
be  kept  very  small. 

For  precisely  similar  reasons,  if  we  desire  to  employ 
water  to  transmit  a  large  amount  of  power  through  a 
long  pipe  with  high  efficiency,  the  water  must  be  at  a 
high  pressure  and  the  stream  must  be  very  small.  Hence 
the  London  Hydraulic  Company  uses  water  at  750  pounds 
per  square  inch  pressure  in  their  pipes,  and  Mr.  Tweddle 
employs  a  pressure  of  as  much  as  1,400  pounds'  pressure 
per  square  inch  with  his  portable  tools  for  riveting,  &c., 
by  hydraulic  pressure. 

It  is  interesting  to  consider  how  the  E.M.F.  of  the 
generator  must  increase  with  the  amount  of  power  to  be 
transmitted  and  with  the  resistance  of  the  circuit,  in 
order  that  the  loss  of  power  due  to  the  resistance  of  the 
circuit  may  not  exceed  a  certain  percentage  of  the  power 
to  be  transmitted. 

The  electric  power  Wj  developed      -n,        ^, 

in  the  generator  = ~        -  x  E  watts, 

b  +  /  +  m 

the  electric  power  W'j  converted 

into  mechanical  power  by  the     ^        ™ 

distant  motor  =  - — ^ x  E'  watts, 

o  +  I  +  m, 

therefore  the    power  L  lost  on 

account   of   the  resistance  of    /-.-,  _  ™v2 

the  circuit  =  ~ , '—  watts  : 

b  +  I  +  m 

/\V  \2 

hence  L  =  (  -— -1  )     x   (b  +  I  +  m), 

\   xL/  / 

so  that ,  the  percentage  of  the  power  developed  in 

Wl 
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the  generator  which  is  lost  on  account  of  the  resistance 
of  the  circuit,  equals 

W 

100  --1  (b  +  I  +  m). 

Consequently,  if  this  percentage  loss  is  to  be  a  constant, 
E2  must  increase  proportionately  to  the  product  of  WT 
into  (b  +  I  +  m). 

For  example,  if  we  desire  to  transmit  10,000  watts 
along  a  circuit  having  a  resistance  of  20  ohms,  and  to 
keep  the  loss  of  power  down  to  40  per  cent., 

E  =  /TOO  x   107)00  x  20 

"       " 


=  709  volts, 

or  the  generator  must  have  an  E.M.F.  of  709  volts. 

If  in  addition  to,  or  instead  of,  the  motor  at  the  other 
end  of  the  leads  there  be  some  apparatus  of  resistance 
r  ohms  in  which  we  wish  to  develop  heat  or  light,  then 
this  resistance  r  must  not  be  included  in  the  preceding  ex- 
pressions, for  the  heat  developed  in  this  resistance  is  what 
we  desire  shall  be  produced,  and  therefore  must  not  be 
regarded  as  energy  wasted  in  heat.  For  example,  if  the 
arrangement  receiving  energy  at  the  other  end  of  the 
leads  be  simply  a  group  of  glow  lamps,  having  any  resist- 
ance of  r  ohms,  it  follows,  from  what  precedes,  that  the 
percentage  of  the  power  developed  by  the  generator,  which 
is  lost  on  account  of  the  resistance  of  the  circuit,  equals 

100  IJJ  (6  +  I). 

Although  the  transmission  of  signals  by  electricity 
through  wires  many  hundreds  of  miles  in  length  has  been 
successfully  carried  on  for  nearly  half  a  century,  the 
history  of  the  electric  transmission  of  considerable 
amounts  of  power  is  all  comprised  within  the  past  twelve 
years.  In  the  following  table  are  given  the  results  of 
the  most  successful  of  the  earlier  attempts  as  well  as  the 
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result  of  the  most  striking  of  the  later  ones  to  accomplish 
this  object,  and  it  is  seen  how  the  employment  of  higher 
and  higher  P.Ds.  has  enabled  larger  and  larger  amounts 
of  power  to  be  transmitted  over  longer  and  longer  dis- 
tances with  higher  and  higher  efficiencies. 


1882. 
Hirschau  to 
Munich. 

1883. 
Vizille  to 
Grenoble. 

1886. 
Creil  to 
Paris. 

1891. 
Lauffen  to 
Frankfort. 

Distance  in  miles  .    . 

3* 

8| 

35 

108-7 

Diameter  of  line  wire  ) 
in  inches     .    .     .  f 

0-18 

0-079 

0-2 

Three  wires 
of  0-158 

Material  of  line  wire  . 

Silicinm 
bronze. 

Copper. 

Copper. 

Horse-powerdelivered  ^ 
by  electromotor  .  j 

5-8 

7 

52 

Horse-power 
delivered  to 
lamps  114-2 

Commercial  efficiency  ) 
of  transmission   .  ) 

36% 

62% 

45% 

75-3% 

P.D.  at   transmitting  ) 
end  in  volts     .    .  j 

700 

3,000 

6,000 

25,000 

129.  Connection  between  Electrical  Efficiency  of 
Transmission  and  Ratio  of  the  Power  Received  to 
the  Maximum  Power  Receivable. — When  the  current 
generator  has  a  fixed  E.M.F.  and  resistance  like  a  battery, 
we  have  seen,  in  §§  124  and  125,  pages  385,  393,  that 
whether  we  desire  the  whole  of  the  external  circuit,  or 
a  portion  of  the  external  circuit,  to  receive  maximum 
power,  or  whether  we  desire  that  the  transformation  of 
electric  energy  into  non-heat  energy  shall  proceed  most 
rapidly  in  an  electromotor  or  electrolytic  cell  possessing  a 
back  E.M.F.,  the  electric  power  usefully  employed  must 
be  equal  to  the  electric  power  wasted  in  heating  the  circuit 
so  that  the  electrical  efficiency  of  transmission  must  be  one- 
half.  If,  however,  the  part  of  the  circuit  under  considera- 
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tion  be  arranged  so  that  it  receives  less  than  the  maximum 
power  receivable  from  the  given  current  generator,  the 
electrical  efficiency  of  transmission  may  be  greater  than 
one-half,  and  the  following  calculation  gives  the  connec- 
tion between  the  electrical  efficiency  of  transmission  and 
the  ratio  of  the  power  received  to  the  maximum  power 
that  could  be  received. 

If  E  is  the  fixed  E.M.F.  of  the  current  generator  in 
volts  and  b  its  resistance  in  ohms,  x  the  resistance  in 
ohms  of  the  part  of  the  circuit  under  consideration,  and 
I  the  resistance  in  ohms  of  the  leads  connecting  it  with 
the  generator,  we  have 

( E 

power  received 


maximum  power  receivable 


*(&  +  *) 

4  (b  +  I)  x 
b  +  I  +  ~*) 

E 


also  electrical  efficiency 
of  transmission 


x  E 


b  +  I  +  x' 

power  received  t  b  +  I 

•  ' . 1-2  —. — r^  =  4  -     -  x  (efficiency)2, 

maximum  power  receivable  x 

but 

b  +  l        / 

x    !  U  + 

.        _power  received       =  4  {efficie         _  (effici         )3} 
maximum  power 
receivable 

=  4  x  efficiency  (1  —  efficiency). 


V  =  _      x  r  ( * V 

I  +  x)         b  +  I  +  x        \b  +  I  +  xj  ' 
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Now  this  is  a  quadratic 
equation  connecting  the  effi- 
ciency with  the  ratio  of  the 
power  received  to  the  maxi- 
mum power  receivable,  which 
ratio  we  will  call  R  for 
brevity,  therefore  each  value 
of  R  will  be  given  by  two 
different  values  of  the  elec- 
trical efficiency  of  transmis- 
sion, the  sum  of  the  two 
values  being  equal  to  unity ; 
for  example,  whether  the 
efficiency  is  |,  or  |,  the  pre- 
ceding equation  gives  R  equal 
to  g.  In  the  following 
table,  however,  which  gives 

corresponding    values    of  — > 

E 

the  electrical  efficiency,  and 
of  R,  only  the  larger  value  of 
the  efficiency  is  given  corre- 
sponding with  any  particular 
value  of  R. 

From  this  table  we  see 
that  when  x,  the  resistance  of 
the  part  of  the  circuit  under 
consideration,  is  increased 
until  the  electrical  efficiency 
of  transmission  is  75  per  cent., 
the  power  this  part  of  the  cir- 
cuit receives  is  f  of  the  possible 
maximum,  also  that  x  may  be 
increased  until  the  electrical 
efficiency  of  transmission  is 
over  85  per  cent,  without  the 
power  received  being  less  than 
J  of  the  possible  ma'ximum. 


8 
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The  figures  given  in  the  first  two  rows  of  the  pre- 
ceding table  are  equally  true  whether  the  E.M.F.  and 
resistance  of  the  generator  are  constant  or  whether  they 
vary  with  the  current,  but  the  figures  in  the  third  row 
for  the  ratio  of  the  power  received  to  the  maximum 
power  receivable  are  only  true  when  both  the  E.M.F. 
and  the  resistance  of  the  generator  are  constant ;  indeed, 
it  may  be  shown  that  an  external  circuit  receives  maxi- 
mum power  from  a  dynamo  when  the  external  resistance 
is  smaller  than  that  of  the  dynamo,  and  when  the 
electrical  efficiency  is  therefore  less  than  J. 

If  the  external  circuit,  instead  of  being  a  simple 
resistance,  contains  an  apparatus  of  resistance  m  ohms 
and  back  E.M.F.  of  E'  volts,  and  if  it  receives  power 
through  leads  of  fixed  resistance  I  ohms  from  a  generator 
having  a  fixed  E.M.F.  of  E  volts  and  resistance  of  6  ohms, 
we  know  that  the  ratio  which  the  rate  of  transformation 
of  electric  energy  due  to  the  back  E.M.F.  in  this  apparatus 
bears  to  the  maximum  rate  of  such  transformation  equals 


E-E' 
or    4   — — —   x  E, 


4  (6  +  I  +  m) 

also  the  electrical  efficiency 

of  transmission  E  ' 

therefore  the  ratio  which  the  rate  of  transformation  of 
electrical  energy  due  to  the  back  E.M.F.  bears  to  the 
maximum  rate  of  such  transformation  equals 

4  x  efficiency  (1  —  efficiency). 

This  is  exactly  the  same  equation  as  was  obtained 
in  the  previous  case,  and  therefore  must  lead  to  the  same 
numerical  connection  between  the  values  of  the  electrical 
efficiency  of  transmission  and  the  ratio  which  the  rate  of 
transformation  of  electrical  energy  due  to  back  E.M.F. 
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bear3  to  the  maximum  rate  of  such  transformation,  which 
ratio  we  will  call  R  for  brevity.  It  is  not  necessary, 
therefore,  to  give  a  second  table  ;  however,  as  the  previous 
one  was  calculated  by  given  regular  increments  to  the 

7)  it  may  be  convenient  to  append  a  second 


value  of  7) 

o  -f~  I 

table  in  which  regular  increments  are  given  to  the  value 

-I 


—  or  Electrial  ) 
efficiency  of  >• 
transmission  ) 

\ 

0-6 

* 

0-7 

* 

I 

0-8535 

T9o 

0-95 

1 

R 

1 

0-96 

I 

0-84 

1 

0-64 

* 

0-36 

0-19 

0 

Example  110.  —  A  battery  having  an  E.M.F.  of  30 
volts  and  a  resistance  of  4  ohms  is  sending  a  current 
through  an  outside  circuit  consisting  of  leading  wires 
having  a  resistance  of  1  ohm  and  4  glow  lamps  arranged 
in  parallel.  If  when  a  P.D.  of  12  volts  is  maintained 
between  the  lamp  terminals  each  lamp  produces  3£ 
candles,  calculate  the  number  of  candles  that  is  produced 
per  watt,  and  the  percentages  of  the  power  generated  in 
the  battery  that  are  given  to  the  lamps  and  wasted  in  the 
battery  and  leading  wires. 


Answer.  —  The  current  = 


,  or  3  '6,  amperes. 


The  power  given  to  the  4  lamps 

=   3-6  x   12,  or  43-2,  watts. 


Therefore,  as  the  total  illumination  is  4   v   3J,  or  14, 
candles,  0'324  candle  is  produced  per  watt. 
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Also  the  power  generated  by  the  battery 

=   3-6  x  30,  or  108,  watts. 
The  power  wasted  in  the  battery 

=  (3-6)3  x  4,  or  51-84,  watts. 
The  power  wasted  in  the  leading  wires 

=   (3-6)2  x   i?  or  12-96,  watts. 

Therefore,  of  the  108  watts  produced  by  the  battery 
4 3 -2  watts,  or  40  per  cent.,  is  given  to  the  lamps,  and 
64-8  watts,  or  60  per  cent.,  is  wasted  in  heating  the 
battery  and  the  leading  wires. 

Example  111. — A  dynamo  of  0'2  ohrn  resistance  is 
supplying  current  to  a  group  of  glow  lamps  in  parallel 
placed  at  the  ends  of  leads  having  1-8  ohm  resistance. 
The  lamps  take  75  amperes,  and  a  P.D.  of  100  volts  has 
to  be  maintained  between  their  terminals.  If  32  horse- 
power is  spent  in  driving  the  dynamo,  what  are  the 
electrical  and  commercial  efficiencies  of  the  transmission, 
and  what  are  the  electrical  and  commercial  efficiencies  of 
the  dynamo  alone  1 

Answer. — The  power  given  to  the  lamps  equals  7,500 
watts,  the  power  wasted  in  heating  the  dynamo  and  leads 
is  752  x  2,  or  11,250,  watts,  therefore  the  dynamo  must 
develop  a  power  of  18,750  watts,  hence  the  electric 
efficiency  of  transmission  is  40  per  cent,  and  the  com- 
mercial efficiency  of  transmission  31  '4  per  cent.  The 
electrical  efficiency  of  the  dynamo  is  94  per  cent.,  and 
its  commercial  efficiency  73-8  per  cent. 

Example  112. — A  dynamo  having  a  resistance  of  2J 
ohms,  and  an  E.M.F.  of  1,000  volts,  develops  40  horse-- 
power. What  may  be  the  resistance  of  the  leads  so  that 
60  per  cent,  of  the  power  developed  by  the  dynamo  is 
delivered  to  some  apparatus  at  the  other  end  of  the 
leads  1  Answer. — 10'9  ohms. 
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GALVANIC    CELLS. 

TYPES,    CONSTRUCTION,     CHEMICAL     ACTION,    RELATIVE    AD- 
VANTAGES,   COST    OF    WORKING,    TESTING,    GROUPING. 

130.  Chemical  Action  in  a  Simple  Voltaic  Element— 131.  Daniell's 
Use  of  a  Depolariser :  Two-Fluid  Cell— 132.  Local  or  Pre- 
judicial Action— 133.  Gravity  Daniell's  Cells— 134.  Minotto's  Cell 
—135.  Eesistance  of  Dartiell's  Cells— 136.  Grove's  Cell— 137. 
Bunseu's  Cell— 138.  Potassium  Bichromate  Cell— 139.  Leclanche 
Cell— 140.  Dry  Cells— 141.  Hellesen  Dry  Cell— 142.  Burnley,  or 
E.C.C.,  Dry  Cell— 143.  Obach  Dry  Cell-144.  Edison-Lalaude 
Cell— 145.  Clark's  Cell— 146.  Temperature  .Variation  of  the 
E.M.F.  of  the  Clark's  Cell— 147.  Calculation  of  the  E.M.F.  of  a 
Cell  from  the  Energy  Liberated  by  the  Chemical  Action — 148. 
Cost  of  producing  Electric  Energy  with  Galvanic  Cells  and  with 
a  Dynamo  Compared — 149.  Measuring  a  Cell's  Eesistance  when 
Very  Small — 150.  Measuring  a  Cell's  Eesistance  when  Not  Very 
Small— 151.  Eemarks  on  the  Preceding  Methods  of  Measuring 
the  Eesistance  of  Cells — 152.  Comparing  the  Electromotive 
Forces  of  Cells — 153.  PoggendorfP s  Method  of  Comparing  Elec- 
tromotive Forces— 154.  Potentiometer  Method  of  Testing  the 
Accuracy  of  a  Voltmeter  Scale— 155.  Foster's  Method  of  Sub- 
dividing a  Wire  into  Lengths  having  Equal  Eesistances — 156. 
Potentiometer  Method  of  Graduating  a  Voltmeter  in  Terms  of 
the  E.M.F.  of  a  Clark's  Cell— 157.  Use  of  a  Clark's  Cell  and  a 
Known  Eesistance  as  a  Standard  of  Current — 158.  Calibrating  a 
Galvanometer  by  Using  Known  Eesistances  and  a  Cell  of  Con- 
stant E.M.F.— 159.  Constant  P.D.  and  Constant  E.M.F.— 160. 
Independence  of  Currents  in  Parallel  Circuits— 161.  Arrange- 
ments of  Cells— 182.  Mercury  Switch-Board  for  Batteries— 163. 
Arrangement  of  a  Given  Number  of  Cells  to  Produce  the  Maxi- 
mum Current  through  a  Given  External  Eesistance — 164.  Mini- 
mum Number  of  Cells  Eequired  to  Produce  a  Given  Current  and 
P.D.— 165.  Minimum  Number  of  Cells  Eequired  to  Give  a  Fixed 
Amount  of  Power  to  a  Given  External  Circuit — 166.  Arrange- 
ment of  Circuit  Eequiring  the  Minimum  Number  of  Cells  to  Give 
a  Fixed  Amount  of  Power  to  the  External  Portion — 167.  Modifi- 
cations Introduced  in  the  Previous  Eesults  by  a  Safety  Limita- 
tion of  the  Maximum  Current  a  Cell  may  Produce. 

130.  Chemical  Action  in  a  Simple  Voltaic  Element. 
— When  the  terminals  of  a  simple  voltaic  element  are 
joined  by  a  conductor  a  current  flows,  hydrogen  is  given 
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off  at  the  copper  plate,  and  the  zinc  plate  is  gradually 
turned  into  zinc  sulphate.  But,  just  as  there  is  a  doubt 
whether  the  oxygen  in  the  sulphuric  acid  voltameter  is 
formed  by  a  primary  or  by  a  secondary  action  (see  §  7, 
page  32),  so  it  is  not  certain  whether  the  zinc  sulphate 
is  formed  directly  by  the  passage  of  the  current,  or 
whether  it  is  zinc  oxide  that  is  formed  on  the  passage  of 
the  current  and  the  zinc  sulphate  by  a  subsequent 
chemical  action  of  the  sulphuric  acid  on  this  zinc  oxide. 
In  the  former  case  the  sulphuric  acid,  H2S04,  would  be 
directly  split  up  into  H3  and  SO4,  and,  the  zinc  com- 
bining with  the  S04,  would  form  zinc  sulphate,  ZnSO4 ; 
while  in  the  latter  the  water,  H3O,  would  be  split  up 
into  hydrogen,  H3,  and  oxygen,  O,  by  the  passage  of  the 
current,  the  oxygen  combining  with  the  zinc  to  form 
zinc  oxide,  ZnO,  while  the  zinc  sulphate  would  be  subse- 
quently produced  by  the  chemical  action  of  this  zinc 
oxide,  ZnO,  on  the  sulphuric  acid,  H3S04,  zinc  sulphate, 
ZnSO4,  and  water,  H3O,  being  produced. 

The  two  processes  may  be  represented  respectively 
thus  : — 

First  Case  :  Before  sending  a  current — 

k  (Cu)  +  I  (ELS04)  +  m  (H30)  +  n  (Zn). 
After  sending  a  current — 


k  (Cu)  +  H2  +  (I-  1)  (H2S04)  +  m  (H20)  +  (ZnS04)  +  («-!)  (Zn), 
k,    I,    m,  and    n   being  arbitrary   quantities  of   copper, 
sulphuric  acid,  water,  and  zinc,  and  the  arrow  showing 
the  direction  of  the  current  in  the  cell  itself. 
Second  Case  :  Before  sending  a  current — 

k  (Cu)  +  m  (H20)  +  I  (H2S04)  +  n  (Zn). 
Effect  produced  on  passage  of  a  current — 


k  (Cu)  +  H2  +  (m  -  1)  (H20)  +  I  (H2S04)  +  (ZnO)  +  (»-!)  (Zn] 
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Effect  produced  subsequently — 

k  (Cu)  +  H2  -f  (m  -  1)  H20  +  H2O  -f(J  -  1)  (H0S04) 

+  (ZnS04f+  (w-1)  (Zn). 

Although  the  final  result  in  the  two  cases  is  exactly 
the  same,  it  might  be  imagined  that  we  could  ascertain 
which  is  the  true  action  in  the  following  way.  In  the 
first  case  the  water  apparently  takes  no  part  in  the 
action,  therefore  it  might  seem  that  the  action  ought  to 
proceed  equally  well  whether  or  not  water  be  present, 
and  hence  it  might  be  thought  that  its  being  necessary, 
or  its  not  being  necessary,  to  dilute  the  sulphuric  acid 
with  water,  in  order  that  the  cell  might  work  satis- 
factorily, would  constitute  a  test  as  to  whether  water 
did,  or  did  not,  enter  into  the  reaction.  Such  a  method 
of  discriminating  between  the  two  actions  is,  however, 
not  possible,  for  since  zinc  sulphate  is  but  slightly  soluble 
Jn  strong  sulphuric  acid,  and  as  a  layer  of  zinc  sulphate 
crystallising  on  the  zinc  plate  would  prevent  the  liquid 
coming  into  contact  with  the  metal  and  would  stop  the 
action  of  the  cell,  water  must  be  added  on  either 
hypothesis,  for  the  purpose,  at  any  rate,  of  dissolving 
the  zinc  sulphate  that  it  formed. 

The  gradual  replacing  of  the  sulphuric  acid  in  the 
liquid  by  zinc  sulphate  lowers  the  E.M.F.  of  the  cell;  but 
a  more  serious  falling- off  of  the  E.M.F.  of  a  simple  voltaic 
element,  when  sending  a  current,  arises  from  the  polar- 
isation which  is  caused  by  some  of  the  hydrogen  gas 
which  is  liberated  at  the  copper  plate  sticking  to  it  and 
setting  up  an  opposing  or  back  E.M.F.,  in  consequence 
of  the  tendency  of  the  hydrogen  to  recombine  with  the 
SO4,  or  with  the  oxygen  from  which  it  has  been  separated. 

That  the  E.M.F.  of  a  copper-zinc-dilute-sulphuric-acid 
cell  falls  when  the  cell  is  allowed  to  send  a  current  can 
be  tested  by  using  a  high- resistance  voltmeter,  v,  and  a 
suitable  ammeter,  A,  placed  in  an  external  circuit  whose 
resistance,  x,  can  be  varied  (Fig.  183).  We  commence 
by  making  x  infinite,  so  that  the  reading  of  the  voltmeter 
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gives  the  E.M.F.  of  the  cell.  Next,  x  is  made  to  have 
some  convenient  constant  value,  and  the  reading  of  the 
ammeter  watched  ;  gradually  this  will  be  found  to  fall, 
the  fall  being  fairly  rapid  if  the 
value  of  x  be  not  large.  The 
reading  of  the  voltmeter  also 
falls,  and,  since  the  value  of  x  is 
constant,  the  ammeter  and  volt- 
meter readings  fall  at  the  same 
rate,  each  instrument  telling  us 
the  same  thing  by  the  falling-off  of 
its  deflection — viz.  that  either  the 
resistance  of  the  cell  has  increased  Fig.  183 

or  its  E.M.F.  has  diminished. 

If,  however,  we  now  again  make  x  infinite,  we  can 
ascertain  which  of  these  two  causes  it  was  that  made 
the  current  fall  off;  for,  if  the  diminution  of  the  current 
was  due  to  an  increase  in  the  resistance  of  the  cell  only,  < 
then  on  making  x  infinite  the  reading  of  the  high-resist- 
ance voltmeter  v  will  be  the  same  as  it  was  originally ; 
whereas,  if  the  diminution  observed  in  the  current 
was  wholly,  or  partly,  caused  by  a  falling-off  in  the 
E.M.F.  of  the  cell  and  not  entirely  by  an  increase  in 
its  internal  resistance,  the  voltmeter  will  read  lower 
when  x  has  been  made  infinite  at  the  end  of  the  ex- 
periment than  it  did  when  x  was  made  infinite  at  the 
beginning.  And  this  result  is  found  to  occur. 

To  ascertain  at  which  of  the  plates  of  the  cell  the 
opposing  E.M.F.  is  set  up,  we  may  use  the  cell  seen  in  Fig. 
184,  consisting  of  two  copper  plates,  cx  and  C2,  and  two 
zinc  plates,  zl  and  Z2,  dipping  into  dilute  sulphuric  acid. 
If  the  plates  are  all  quite  clean  and  no  current  has  passed 
between  any  pair  of  them,  the  two  copper  plates  will  be 
practically  the  same,  so  that  if  they  be  joined  together 
metallically  through  even  a  delicate  galvanometer,  G,  no 
current  will  be  observed,  or  if  there  be  any  current,  arising 
from  some  minute  difference  in  the  two  copper  plates,  it 
will  be  but  a  very  slight  one.  And  so  with  the  two  zinc 
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plates,  on 
joining  them 
together 
through  even 
a  delicate  gal- 
vanometer, 
no  current,  or 
at  any  rate  but 
a  very  small 
current,  will 
be  observed. 

If  now,  however,  one  of  the  copper  plates,  clt  and  one 
of  the  zinc  plates,  Z1}  be  used  to  send  a  current  for  a 
short  time  through  some  conductor,  and  then,  after 
breaking  the  circuit,  the  two  copper  plates  c±  and  C3  be 
joined  through  the  galvanometer,  G,  it  will  be  found  that 
a  polarisation  current  flows  for  a  short  time  from  c^  to  Cj 
through  the  external  circuit,  a3  if  ci}  the  copper  plate 


Fig.  184. — Cell  arranged  for  Experiments  on  Polarisation. 
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that  has  been  used,  were  positive,*  or  like  a  zinc  plate, 
relatively  to  c.2,  the  unused  copper  plate.  Similarly,  if 
the  two  zinc  plates,  instead  of  the  two  copper  plates,  be 
joined  together  through  the  galvanometer,  a  current  will 
now  through  the  external  circuit  from  z1?  the  zinc  plate 
that  has  been  used,  to  z2,  the  clean  zinc  plate  ;  but  this 
polarisation  current  will  be  very  small  compared  with  the 
one  obtained  on  joining  the  two  copper  plates.  Indeed, 
it  is  so  small  that  we  may  say  without  appreciable  error 
that  the  diminution  of  the  current  in  a  single  voltaic 
element  is  due  entirely  to  polarisation  at  the  copper 
plate.  These  tests,  and  the  results  obtained,  are  shown 
symbolically  in  order  in  Figs.  185,  186,  187,  188, 
and  189. 

It  is  to  be  noticed  that  while  the  "primary  current" 
flows  from  Z1  to  C1  through  the  liquid,  and  the  "secondary 
current "  flows  from  c:  to  C2  or  from  Z2  to  Zj  through 
the  liquid,  the  hydrogen  gas  in  all  three  cases  moves  in 
the  direction  of  the  current,  the  result  obtained  with  the 
sulphuric  acid  voltameter  (see  §  7,  page  33). 

131.  Dani ell's  Use  of  a  Depolariser  :  Two-Fluid 
Cell. — A  number  of  devices  was  tried  to  prevent  the 
hydrogen  gas  sticking  to  the  negative  plate  :  Smee,  for 
example,  used  a  roughened  platinum  plate  instead  of 
copper,  the  roughening  being  for  the  purpose  of  enabling 
the  hydrogen  bubbles  to  become  detached.  But  no  great 
improvement  was  introduced  until  Prof.  Daniell,  in  1836, 
hit  on  the  idea  of  surrounding  the  negative  platet  with  a 
"  depolariser  "  to  prevent  the  hydrogen  gas  liberated  from 
the  dilute  sulphuric  acid  reaching  this  plate.  Instead  of 
putting  both  the  copper  and  the  zinc  plates  in  the  dilute 
sulphuric  acid,  he  surrounded  the  copper  plate  with  a 
solution  of  copper  sulphate,  the  two  liquids  being  pre- 
.  vented  from  mixing  together  by  a  porous  diaphragm 

*  For  the  definition  of  the  positive  plate  in  a  cell,  see  §  122, 
page  376. 

t  For  the  definition  of  the  negative  plate  of  a  cell,  see  §  122, 
page  376. 
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placed  between  them.  As  before,  the  dilute  sulphuric 
acid,  acting  on  the  zinc  plate,  forms  zinc  sulphate  and 
liberates  hydrogen  gas,  but  this  hydrogen  gas  arriving  at 
the  copper  sulphate  solution  forms  sulphuric  acid  and 
deposits  metallic  copper  on  the  copper  plate.  Omitting, 
for  simplicity,  the  water  used  to  form  the  solutions  as 
well  as  the  water  of  crystallisation  of  the  copper  and  zinc 
sulphate  crystals,  this  chemical  action  may  be  represented 
as  follows : — 

Before  sending  the  current  c 

A-(Cu)  +  Z(CuS04)  .|     «»(H2S04)  +  »(Zn), 

After  sending  the  current  p^ 


m-l)(H,S04) 


k  and  n  being  any  arbitrary  quantities  of  copper  and  zinc 
used  to  form  the  copper  and  zinc  plates,  I  and  m  any 
arbitrary  quantities  of  the  copper  sulphate  and  the  sul- 
phuric acid  employed  in  the  two  portions  of  the  cell,  and 
the  arrow  showing  the  direction  of  the  current  in  the 
cell  itself.  Substituting  the  atomic  weights  for  the 
various  substances  employed,  and  remembering  that  the 
complete  formulae  for  crystals  of  copper  and  zinc  sulphate 
are  respectively  CuSOt  +  5H20  and  ZnS04  +  7H2O,  we 
find  that  for  every  26  ounces  of  zinc  that  are  dissolved 
off  the  zinc  plate,  about  115  ounces  of  zinc  sulphate 
crystals  are  formed,  about  100  ounces  of  copper  sulphate 
crystals  are  decomposed,  and  about  25  ounces  of  copper 
added  to  the  copper  plate  of  a  Daniell's  cell. 

Hence,  since  we  know  that  about  0-0003286  gramme 
of  copper  is  deposited  per  second  per  ampere  in  a  copper 
voltameter  (§  6,  page  27),  it  follows  that  in  each  hour  for 
each  ampere  flowing  through  a  Daniell's  cell  about  0-042 
ounce  of  copper  is  deposited,  about  0*043  ounce  of  zinc 
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is  used  up,  about  0'164  ounce  of  copper  sulphate  is 
consumed,  and  about  O'lOG  ounce  of  zinc  sulphate  is 
formed,  which  latter  will  become  0'189  ounce  when 
crystallised  out,  since  the  complete  formula  for  zinc 
sulphate  is  ZnSO4  +  7H3O. 

Therefore,  in  twenty-four  hours,  for  each  ampere 
flowing  through  a  Daniell's  cell  about  1  ounce  of  copper 
is  deposited,  about  1-03  ounce  of  zinc  is  used  up,  about 
3-94  ounces  of  copper  sulphate  are  consumed,  about  2*55 
ounces  of  zinc  sulphate  are  formed,  which  become  4-54 
ounces  when  crystallised  out. 

In  the  preceding  no  allowance  is  made  for  materials 
wasted  on  account  of  local  action. 

v  When  a  current  is  produced  by  a  Daniell's  cell, 
copper  is  deposited  on  the  copper  plate,  copper  sulphaet  is 
used  up,  the  sulphuric  acid  remains  unchanged  in 
quantity,  zinc  sulphate  is  formed,  and  zinc  is  used  up. 
If,  however,  the  copper  sulphate  solution  is  too  weak,  the 
water  is  decomposed  instead  of  the  copper  sulphate,  and 
hydrogen  is  deposited  on  the  copper  plate.  This  de- 
position of  hydrogen  lowers  the  E.M.F.,  and  care  should, 
therefore,  be  taken  to  keep  up  a  sufficient  supply  of 
crystals  of  copper  sulphate. 

Daniell  originally  used  a  membranous  tube  made  of 
ox  gullet  as  his  porous  separator,  but  this  was  shortly 
replaced  by  a  (i porous  pot"  made  of  unglazed  earthen- 
ware indicated  by  p  in  Fig.  190,  which  illustrates  a 
common  form  of  DanieWs  cell.  The  zinc  may  be  in  the 
form  of  a  rod,  z,  placed  in  the  dilute  sulphuric  acid  which 
is  put  inside  the  porous  pot,  or  in  the  form  of  a  hollow 
cylinder  surrounding  the  porous  pot,  in  which  case  the 
dilute  sulphuric  acid  is,  of  course,  placed  outside  the 
porous  pot  and  the  solution  of  copper  sulphate  inside. 
The  former  arrangement  is  the  more  usual.  Electric 
connection  is  made  with  the  zinc  by  means  of  a  copper 
wire,  w,  cast  into  it.  The  copper  plate  c,  which  is  usually 
cut  out  of  sheet  copper,  is  placed  in  the  solution  of 
copper  sulphate,  and  the  whole  is  contained  in  a  glass, 
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or  glazed  and 
highly  vitrified 
stoneware  jar, 
j.  Electric  con- 
nection is 
made  with  the 
copper  plate  by 
means  of  a 
copper  wire  in- 
sulated along 
its  length  with 
guttapercha  or 
indiarubber, 
and  having  its 
end  riveted,  or 
soldered,  to  the 
top  of  the  cop- 
per plate.  If 
solder  be  used 
the  joint  should 
be  covered  over  with  wax,  pitch,  or  with  some  adhesive 
matter  to  prevent  the  copper  sulphate  coming  into  contact 
with  the  joint.  For  if  this  were  to  happen  the  copper 
and  solder  being  in  metallic  contact  with  one  another, 
and  also  both  coming  into  contact  with  the  solution  of 
copper  sulphate,  they  would  together  form  a  little  short- 
circuited  cell,  galvanic  action  would  take  place  and  the 
solder  would  be  rapidly  eaten  away. 

The  E.M.F.  of  a  DanielVs  cell  varies  but  little  with 
changes  of  temperature,  for  the  various  contact  P.Ds. 
which  build  up  the  total  E.M.F.  of  the  cell  are  oppositely 
affected  by  variations  of  temperature  in  such  a  way  that 
the  total  change  in  the  E.M.F.  is  practically  zero. 

The  E.M.F.  varies,  however,  from  about  1'07  volt  to 
1-14  volt,  depending  on  the  density  of  the  copper  sul- 
phate solution  and  on  the  amount  of  zinc  sulphate  present 
in  the  dilute  sulphuric  acid.  As  the  copper  sulphate  is 
used  up,  and  as  the  density  of  the  copper  sulphate  solu- 


Fig.  190.— Porous  Pot  Daniell's  Cell. 
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tion  is  thereby  diminished,  when  no  steps  are  taken  to 
maintain  it  constant,  the  E.M.F.  of  the  cell  falls.  It  also 
falls  because  the  sulphate  of  zinc,  which  is  formed  by  the 
eating  away  of  the  zinc  rod,  or  plate,  dissolves  in  the 
dilute  sulphuric  acid.  The  cell  has,  therefore,  its  highest 
E.M.F.,  1*14  volt,  when  we  start  with  the  sulphate  of 
copper  solution  saturated  and  no  sulphate  of  zinc  yet 
formed  and  dissolved  in  the  dilute  sulphuric  acid.  The 
falling  off  of  the  E.M.F.  due  to  the  weakening  of  the 
copper  sulphate  solution  can  be  prevented  by  having 
crystals  of  the  sulphate  placed  in  the  liquid  to  maintain 
the  saturation,  but  we  cannot  so  readily  withdraw  the 
sulphate  of  zinc  from  the  dilute  sulphuric  acid.  Hence, 
if  we  desire  that  the  E.M.F.  shall  remain  constant  while 
the  Daniell's  cell  is  sending  a  current,  it  is  better  to  start 
with  both  solutions  saturated.  The  resistance  of  the  cell 
will  be  higher  and  its  E.M.F.  lower  than  when  dilute 
sulphuric  acid  is  used,  but  this  lower  value  of  about 
I'lO  volt  will  be  maintained  constant  while  the  cell  is 
sending  a  current. 

When  a  solution  of  zinc  sulphate  is  used  the  chemical 
action  is  as  follows,  if,  for  simplicity,  we  omit,  from  the 
expression,  the  water  used  to  form  the  solutions  as  well  as 
the  water  of  crystallisation  of  the  two  sulphates  :  — 

Before  sending  a  current  c 


After  sending  a  current  p., 


When  a  Daniell's  cell  is  used  only  to  produce  a  P.D. 
and  not  to  send  a  current  which  it  is  desired  shall  remain 
constant,  solutions  of  copper  sulphate  and  of  zinc  sulphate 
of  any  densities  may  be  employed,  and,  since  experience 
shows  that  the  rise  of  E.M.F.  produced  by  increasing  the 
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density  of  the  copper  sulphate  is  almost  exactly  balanced 
by  the  fall  of  E.M.F.  caused  by  an  equal  increase  of 
density  of  the  zinc  sulphate  solution,  the  E.M.F.  of  the 
cell  when  the  solutions  are  equi-dense  is  practically  con- 
stant, and  has  a  value  of  about  1-10  volt  whatever  may 
be  the  actual  densities. 

As  evaporation  takes  place  from  the  zinc  sulphate 
solution  it  increases  in  strength,  and  further,  crystals  of 
the  sulphate  are  left  on  the  sides  of  the  jar  previously 
wetted  by  the  solution,  the  action  being,  of  course,  very 
marked  when  the  solution  is  a  nearly  saturated  one.  The 
space  between  these  crystals  and  the  side  of  the  jar  acts 
as  a  number  of  capillary  tubes,  and  draws  up  more  liquid, 
which  itself  evaporates  and  deposits  crystals  above  the 
former  ones.  So  that  finally  the  film  of  crystals  passes 
over  the  edge  of  the  jar  and  forms  on  the  outside,  thus 
making  a  kind  of  syphon,  which  draws  off  the  liquid. 
This  action  may,  to  a  great  extent,  be  prevented  by 
warming  the  edges  of  the  glass,  or  stoneware,  jars,  and  of 
the  porous  pots,  before  the  cells  are  made  up,  and  dipping 
them  while  warm  into  some  paraffin  wax  melted  in  warm 
oil,  a  precaution  that  should  always  be  carried  out  when 
a  somewhat  dense  solution  of  zinc  sulphate  is  employed 
in  the  cell. 

132.  Local  or  Prejudicial  Action. — If  a  piece  of 
chemically  pure  zinc  be  placed  in  strong,  or  in  dilute, 
sulphuric  acid  no  chemical  action  takes  place,  and  no 
chemical  action  occurs  if  a  piece  of  copper  or  carbon  also 
be  introduced  into  the  liquid,  provided  that  the  zinc  be 
not  touched  inside  or  outside  the  liquid  by  the  other 
solid.  If,  however,  the  conducting  solid  be  now  touched 
against  the  zinc,  either  inside  or  outside  the  liquid,  there 
is  a  rapid  evolution  of  hydrogen  bubbles  from  the  solid, 
and  the  zinc  is  turned  into  zinc  sulphate.  We  have,  in 
fact,  a  short-circuited  cell  consisting  of  an  oxidisable 
metal — zinc — in  contact  with  a  less  oxidisable  substance 
— copper  or  carbon — and  both  the  oxidisable  and  the 
non-oxidisable  substances  in  contact  with  the  liquid. 
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"Now,  ordinary  commercial  zinc  has  impurities  in  it, 
such  as  lead,  iron,  and  graphitic  matter,  so  that  when 
commercial  zinc  is  placed  in  dilute  acid  a  number  of 
short-circuited  galvanic  cells  is  formed  by  the  zinc, 
impurity,  and  liquid  in  contact,  hydrogen  gas  is  rapidly 
evolved,  the  zinc  is  speedily  converted  into  zinc  sulphate, 
and  the  energy  that  would  be  otherwise  available  for 
generating  a  useful  electric  current  is  frittered  away  in 
the  heat  produced  by  all  these  "  local  currents."  It  is, 
in  fact,  this  "  local  action  "  which  enables  the  chemist  to 
make  hydrogen  gas  by  placing  scraps  of  commercial  zinc 
in  dilute  sulphuric  acid. 

With  a  cell,  on  the  contrary,  we  desire  that  the  zinc 
shall  only  be  used  up  when  a  useful  electric  current  is 
produced — that  is,  a  current  that  passes  through  the 
wire  joining  the  zinc  and  copper  plates  outside  the  liquid. 
Or,  in  other  words,  we  desire  that  no  chemical  action  shall 
take  place  when  the  terminals  of  the  cell  are  insulated 
from  one  another.  We  must  either,  therefore,  employ 
chemically  pure  zinc,  or  in  some  way  prevent  local  action 
taking  place  with  commercial  zinc.  The  price  of  com- 
mercial zinc  is  about  2d.  a  pound,  while  that  of  redistilled 
chemically  pure  zinc  is  from  3s.  6d.  to  10s.  a  pound,  the 
labour  of  effectively  removing  all  the  impurities  from  the 
zinc  costing  many  times  as  much  as  the  zinc  itself.  To 
employ  such  zinc  for  ordinary  cells  is,  therefore,  out  of 
the  question,  and  is  indeed  unnecessary  since  Sturgeon 
showed  in  1830  that  local  action  can  be  nearly  as 
well  prevented  by  coating  the  surface  of  the  zinc  with 
an  "  amalgam  "  of  zinc  and  mercury,  or  "  amalgamating  " 
the  zinc,  as  it  is  shortly  called,  as  by  employing  the 
purest  redistilled  zinc. 

To  "amalgamate"  a  piece  of  zinc  dip  it  into  dilute 
sulphuric  acid  to  clean  its  surface,  then  rub  a  little 
mercury  over  it  by  means  of  a  piece  of  rag  tied  on  to  the 
end  of  a  stick,  and  lastly,  leave  the  zinc  standing  for  a 
short  time  in  a  dish  to  catch  the  surplus  mercury  as  it 
drains  off. 
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The  action  of  the  amalgamated  zinc  is  not  well  under- 
stood ;  by  some  it  is  considered  that  amalgamating  the 
zinc  prevents  local  currents  by  the  amalgam  mechanically 
covering  up  the  impurities  on  the  surface  of  the  zinc  and 
preventing  their  coming  into  contact  with  the  liquid.  By 
others  it  is  thought  that  amalgamating  the  zinc  protects 
it  from  local  action  by  causing  a  film  of  hydrogen  gas  to 
adhere  to  it.  This  theory  is  based  on  the  fact  that  while 
no  action  takes  place  when  amalgamated  zinc  is  placed  in 
dilute  sulphuric  acid  at  ordinary  atmospheric  pressure, 
the  creation  of  a  vacuum  above  the  liquid  causes  a  rapid 
evolution  of  hydrogen,  which,  however,  stops  on  the  re- 
admission  of  the  air. 

Amalgamating  zinc  causes  it  to  act  as  a  somewhat 
more  positive  substance  than  zinc,  therefore  the  E.M.F. 
of  a  cell  containing  amalgamated  zinc  is  slightly  higher 
than  that  of  a  cell  constructed  with  unamalgamated  zinc. 
The  addition  of  a  very  small  amount  of  zinc  to  mercury 
causes  the  mercury  to  act  as  if  it  were  zinc  alone,  arising 
perhaps  from  the  amalgam  having  the  effect  of  bringing 
the  zinc  to  the  surface. 

A  second  prejudicial  effect  is  produced  by  the  copper 
sulphate  diffusing  through  the  porous  partition,  coming 
into  contact  with  the  zinc,  and  being  changed  into  zinc 
sulphate,  the  copper  which  is  thus  displaced  from  the 
sulphate  being  deposited  on  the  zinc  in  a  metallic  form, 
or  as  black  cupric  oxide,  CuO,  with  the  evolution  of 
hydrogen.  This  impairs  the  action  of  the  cell,  as  the 
zinc  partially  coated  with  cupric  oxide  acts  more  like 
copper,  and  less  like  zinc,  than  if  it  were  not  so  co'ated  ; 
the  E.M.R  of  the  cell  is,  therefore,  lowered.  This  diffu- 
sion can  be  retarded  by  constructing  the  porous  partition 
so  that  it  is  only  slightly  porous,  but  this  has  the  dis- 
advantage of  causing  the  cell  to  have  a  high  resistance. 

A  formation  of  metallic  copper  is  also  produced  in 
the  pores  of  the  porous  partition  at  any  spot  where  the 
zinc  rod  comes  into  contact  with  it,  and,  the  copper  so 
deposited  being  in  metallic  contact  with  the  zinc  rod, 
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while  both  are  in  contact  with  the  liquid,  the  arrange- 
ment forms  a  short-circuited  cell,  leading  to  rapid  waste 
of  the  battery  material,  growth  of  the  metallic  copper  in 
the  pores  of  the  partition,  and  probable  disintegration  of 
the  wall  of  the  partition  itself.  To  avoid  this  the  parti- 
tion must  be  rendered  not  porous,  by  being  dipped  into 
paraffin  wax  melted  in  warm  oil,  at  any  point  where  it 
is  likely  to  be  touched  by  the  zinc.  For  example,  the 
bottom  of  the  porous  pot  p  (Fig.  190,  page  426),  on  which 
the  zinc  rod  rests,  should  be  so  treated  before  the  cell  is 
put  together. 

The  tendency  of  the  copper  sulphate  solution  to 
diffuse  to  the  zinc  plate,  and  the  possibility  of  retarding 
this  by  diminishing  the  porosity  of  the  partition  at  the 
expense  of  increasing  the  resistance  of  the  cell,  necessi- 
tates our  considering,  when  we  make  a  Daniell's  cell, 
whether  low  resistance  or  constancy  and  portability  are 
the  conditions  aimed  at.  And  as  examples  of  the  two 
opposite  types  of  Daniell's  cells  we  may  instance  the 
"gravity  DanielVs  cell"  and  the  "  Minolta's  cell." 

133.  Gravity  Daniell's  Cells.— Figs.  191,  192,  and 
193  show  three  forms  of  Daniell's  cells  in  which  no 
porous  partition  is  employed,  the  copper  sulphate  and  the 
zinc  sulphate  solutions  being  kept  separated  solely  by  the 
action  of  gravity ;  and  as  the  zinc  sulphate  solution  is  the 
lighter  of  the  two,  it  is  therefore  put  at  the  top.  Figs. 
191  and  192  are  types  of  the  "  Meidinger  "  cell,  in  each 
of  which  the  copper  plate,  c  (Fig.  191),  is  put  inside  a 
small  inner  glass  tumbler,  d  d,  so  that  the  particles  of 
zinc  which  may  become  detached  from  the  zinc  plate, 
z  z,  shall  fall  clear  of  the  copper  plate  and  be  pre- 
vented from  coming  into  contact  with  it.  In  the  type  of 
Meidinger  cell  shown  in  Fig.  191,  the  crystals  of  copper 
sulphate  are  in  a  glass  tube,  h,  with  only  a  small  hole  at 
the  bottom  ;  while  in  the  type  illustrated  in  Fig.  192,  the 
crystals  are  contained  in  an  inverted  flask  open  at  the 
neck.  In  both  contact  is  made  with  the  copper  plate  by 
an  insulated  copper  wire,  fg  (Fig.  191),  and  the  zinc 
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plate,  z  z,  which  is  in  the  form  of  a  cylinder,  is  supported 
on  a  shoulder,  b  6,  formed  by  a  contraction  at  b  b  of  the 
lower  part  of  the  outer  glass  vessel,  A  A.  The  "  Callaud  " 
cell  (Fig.  193)  is  a  simplification  of  the  Meidinger,  being 
without  the  reservoir  for  the  copper  sulphate  crystals  and 
the  small  glass  tumbler  to  hold  the  copper  plate. 


Fig.  191.— Meidinger  Cell. 


Fig.  192.— Meidinger  Cell. 


In  some  respects  the  Callaud,  or  some  simple  modifi- 
cation of  it,  is  the  most  satisfactory  form  of  gravity 
Daniell's  cell,  since  the  copper  sulphate  is  supplied  by  a 
small  crystal  being  dropped  into  the  cell  daily,  and,  the 
supply  being  adjusted  to  suit  the  demand,  the  plane  of 
separation  of  the  transparent  zinc  sulphate  solution  from 
the  blue  sulphate  of  copper  solution  may  be  kept  sharp 
and  well  denned.  To  assist  in  maintaining  this  and  so 
preventing  the  copper  sulphate  wandering  to  the  zinc 
plate,  it  is  well  to  allow  the  cell  to  send  a  weak  current 
through  an  external  circuit  of  considerable  resistance 
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Fig.  193.— Callaud  Cell. 


j[_  7  Jeven  when  the  cell  is 
not  in  ordinary  use.  A 
gravity  DanielVs  cell 
must,  of  course,  not  be 
moved  about,  or  if  moved 
great  care  must  be  taken 
to  avoid  the  two  liquids 
being  mixed  together. 

134.  Minotto's  Cell- 
In  the  "  Minotto's  "  *  cell 
the  porous  pot  is  replaced 
by  a  layer  of  sand  or 
sawdust  of  comparatively 
high  resistance,  and  it  is 
constructed  as  shown  in 

Fig.   194.      At  the  bottom  of   a  glass,   or  glazed   and 

highly  vitrified  stoneware,  jar,  J,  there  is  placed  a  disc 

of  sheet  copper,  c,  to  which  is  riveted  one  end  of  an 

insulated  copper  wire,  which  passes  up  through  the  cell. 

Above  this  plate  are  placed  some   crystals   of   copper 

sulphate,  cs,    and  on  the 

top  a  piece  of  thin  canvas, 

c,    separating    the    copper 

sulphate  from  the  layer  of 

sand  or  sawdust  s,  and  on 

the    top    of    the   sawdust 

rests     the     zinc    plate    z, 

separated   from   the   sand 

or  sawdust  by  a  piece  of 

thin  canvas,  c.      The   cell 

is   completed    by   pouring 

in   some  solution   of   zinc 

sulphate,    so    as   to   cover 

the  zinc  disc,   but  not  so 

much    as   to   reach  up   to 

the     brass     binding-screw 

B,  cast  into  the  top  of  a 


Fig.  194.-Minotto's  Cell. 


Often  wrongly  spelt  "  Menotti's." 
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little  column  of  zinc,  forming  part  of  the  zinc  disc. 
Before  putting  in  the  sand  or  sawdust  it  should  be 
soaked  in  a  solution  of  zinc  sulphate  and  squeezed 
partially  dry,  because  if  put  into  the  cell  quite  dry  a 
long  time  must  elapse  before  the  liquid  will  soak  through 
the  sand  or  sawdust,  and  until  this  happens  the  cell 
cannot  come  into  action. 

It  is  better  to  employ  sand  in  stationary  Minotto's 
cells,  as  it  sinks  down  as  the  copper  sulphate  is  consumed, 
but  if  the  cells  have  to  be  moved  about  then  it  is 
better  to  use  sawdust. 

135.  Resistance  of  Daniell's  Cells. — The  resistance 
of  a  cell  varies  with — 

(1)  The  area  of  the  plates  immersed  in  the  liquids  ; 

(2)  The  distance  apart  of  the  plates ; 

(3)  The  composition  of  the  liquids ; 

(4)  The  thickness  and  constitution  of  the  walls  of 
the  porous  partition. 

With  a  porous  pot  Daniell's  cell  about  7  inches  high, 
of  the  relative  dimensions  shown  in  Fig.  190,  page  426, 
the  resistance  may  be  as  low  as  J  of  an  ohm  when  the 
solution  in  which  the  zinc  plate  is  immersed  is  dilute 
sulphuric  acid  of  a  specific  gravity  of  about  1'15*  at 
15°C.  and  the  porous  pot  has  a  very  open  grain.  Such 
a  cell  must,  however,  be  taken  to  pieces  when  not  in 
use.  If  it  has  to  be  put  on  one  side  for  only  an  hour 
or  two,  it  will  be  sufficient  to  lift  the  porous  pot  with  the 
contained  zinc  rod  bodily  out  of  the  cell,  and  to  place  it  in 
another  empty  jar,  or  stand  it  in  a  dish  while  out  of  use. 

The  porous  pot  Daniell's  cells  in  the  Muirhead  type 
of  battery  seen  in  Fig.  195  may  have  a  resistance  of  as 
much  as  10  ohms  apiece.  Such  cells  are,  however,  fre- 
quently used  in  telegraph  offices  on  account  of  the  ease 
with  Avhich  they  can  be  coupled  in  series  by  means  of 
the  composite  copper  and  zinc  plates,  and  of  the  facility 
with  which  such  a  battery  can  be  carried  about.  For,  in 

*  For  the  percentage  of  sulphuric  acid  in  solution  corresponding 
with  various  specific  gravities,  see  note,  page  39. 
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addition  to  the  cells  being  kept  in  place  by  the  wooden 
box,  the  composite  copper  and  zinc  plates  serve  as 
clips  to  keep  the 
porous  pots  in  posi- 
tion, and  so  prevent 
them  shaking  about 
in  transport. 

One  of  the  plates 
is  shown,  in  Fig.  196, 
flat  as  received  from 
the  manufacturer,  z 
being  the  zinc  plate, 
c  the  copper  plate, 
and  c  a  copper  strip, 
one  end  of  which  is 
cast  in  the  zinc  plate 
and  the  other  riveted 
to  the  copper  plate. 
The  dotted  lines  in 
Fig.  196  show  the 
plates,  with  the  strip 
bent,  ready  for  in- 
sertion into  the  cells. 

Cells  of  this  type 
can  be  left  joined  up 
for  several  weeks, 
crystals  of  copper 
sulphate  and  water 
being  added  from  time 
to  time  as  required. 

Gravity  Daniell's 
cells  have  been  con- 
structed by  Lord 
Kelvin  so  as  to  have 
a  resistance  of  less 
than  (H  ohm  apiece. 
This  result  is  attained  by  making  the  zinc  and  copper 
each  in  the  form  of  a  large  plate,  the  plates  being 
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placed  horizontally  one  above  the  other  at  a  short  distance 
apart.  On  the  other  hand,  Minotto's  cells  have  frequently 
a  resistance  of  20  or  30  ohms  apiece,  this  high  resistance 
being  of  little  importance,  when  the  cells  are  employed  to 
send  a  current  through  a  large  external  resistance,  com- 
pared with  the  constancy  that  is  attained  by  employing  a 
partition  of  sawdust  some  inches  thick.  Indeed,  it  is  only 
necessary  to  pour  a  little  water  into  such  cells  every  few 


Fig.  196.— Composite  Copper  and  Zinc  Plates  for  Muirhead's  Telegraph 
Battery.  (Flat  as  received  from  manufacturer's,  in  dotted  lines  with 
connecting  strip  bent,  for  insertion  in  battery.) 

days,  to  make  up  for  that  lost  by  evaporation,  in  order 
that  they  may  be  used  for  many  months  without  any 
other  attention  being  given  to  them. 

The  resistance  of  a  Daniell's  cell,  like  that  of  liquids 
generally,  diminishes  with  increase  of  temperature ; 
hence,  as  the  E.M.F.  is  practically  independent  of 
changes  of  temperature,  the  current  sent  by  a  Daniell's 
cell  through  a  constant  resistance  increases  as  the 
temperature  rises. 

Example  113. — Calculate  the  weight  of  zinc  sulphate 
formed  during  2J  hours  in  a  Daniell  cell  when  a  steady 
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current  of  0*5  ampere  passes  through  it,  assuming  that 
no  zinc  is  consumed  by  local  action. 

Answer.  —  3  -76  grammes. 

Example  114.  —  In  the  last  question  it  is  found  that 
6  -47  grammes  of  copper  sulphate  have  been  used  up. 
Calculate  how  much  per  cent,  of  the  copper  sulphate  has 
been  wasted  through  local  action. 

Answer.  —  11*6  per  cent. 

Example  115.  —  How  many  pounds  of  zinc  would  be 
consumed  in  a  battery  of  26  Daniell's  cells  in  series, 
sending  a  mean  current  of  0'15  ampere  for  136  hours,  if 
10  per  cent,  zinc  were  wasted  by  local  action  ? 

Answer.  —  1'58  Ib. 

Example  116.  —  If  4  Ibs.  of  zinc  have  been  consumed 
in  a  week  in  200  Daniell's  cells  in  series,  and  the  cells 
have  been  continually  sending  current,  what  has  been 
the  mean  current,  if  no  zinc  has  been  wasted  by  local 
action  ? 

Answer.  —  0'0450  ampere. 

Example  117.  —  If  copper  sulphate  costs  16s.  6d.  per 
cwt.  and  zinc,  cast  in  the  form  of  battery  plates  and  amal- 
gamated, 3d.  per  Ib.,  find  the  least  cost  of  generating  a 
Board  of  Trade  unit  in  a  wire  of  40  ohms'  resistance  by 
means  of  a  battery  of  40  Daniell's  cells  in  series,  each  cell 
having  an  E.M.F.  of  1  '1  volt  and  a  resistance  of  0-25  ohm. 

Answer.—  The  current  will   equal  4Q  x  Q.25  +  40» 

or  0!88,  ampere  ;  therefore  theP.D.  between  the  battery 
terminals  will  be  44  —  0-88  x  10,  or  35  -2,  volts,  so  that 
the  power  given  by  the  battery  to  the  wire  will  be 
0-88  x  35-2,  or  30-98,  watts.  Hence,  to  produce  a 
Board  of  Trade  unit  in  the  wire  the  current  must  flow 

for  or  32  '28,  hours.    Consequently,  we  know  from 

- 


page  425  that  the  amount  of  copper  sulphate  used  up 

L  40  x  Q'164  x  0-88  x  32-28 
is  about  -     -    —  —  ,  or  11  -6,  Ibs.,  costing 
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Is.  8Jd.,  and  the  amount  of  zinc  changed  into  zinc  sul- 

.  L  40  x  0-043  x  0-88  x  32-28 

phate  is  about  —  —  =-=  —  —  >  or  o'Ob,  Ibs., 

costing  about  9d.  Hence,  the  cost  of  generating  a  Board 
of  Trade  unit  in  the  wire  is  about  2s.  5d. 

From  this  we  must  deduct  the  value  of,  the  copper 
deposited  on  the  copper  plates,  allowing,  however,  for 
the  labour  of  removing  this  copper,  or  of  providing  new 
copper  plates  for  the  battery.  About  2  '97  Ibs.  of  copper 
will  be  deposited,  and  the  value  of  this,  allowing  for  the 
labour,  may  be  Is.  So  that  the  minimum  cost  of  the 
Board  of  Trade  unit  given  to  the  wire  comes  to  about 
Is.  5d.,  when  no  allowance  is  made  for  waste  of 
material  through  local  action. 

136.  Grove's  Cell.—  In  the  "  Grove's  "  cell  a  zinc 
plate  is  placed  in  dilute  sulphuric  acid,  as  in  the  Daniell's, 
but  the  copper  plate  is  replaced  by  one  of  platinum  and 
the  copper  sulphate  solution  by  strong  nitric  acid,  HNO3, 
which  is  generally  said  to  act  as  the  depolariser.  The 
chemical  action  may  be  as  follows,  omitting  the  water 
used  to  dilute  the  sulphuric  acid  :  — 

Before  sending  a  current  c 

£(Pt)-H(HN03) 


After  sending-  a  current  £ 

<  - 

A(Pt)+(J-2)(HN03)  (w-l)(H8S04 

+  2(N02)  +  2(H20)     I  +  («-l)(Zn). 

Zinc,  sulphuric  acid,  and  nitric  acid  are,  therefore,  used 
up  ;  zinc  sulphate,  water,  and  nitric  peroxide,  NO2,  are 
formed,  the  latter  dissolving  in  the  liquid  and  colouring 
it  red.  After  the  cell,  however,  has  been  producing  a 
current  for  some  time  more  nitric  peroxide  is  produced 
than  the  liquid  can  dissolve,  and  the  gas  comes  off  as 
dark  brown  fumes,  which  are  extremely  unpleasant  and 
unhealthy  if  breathed  for  any  time.  A  Grove's  battery 
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should,  therefore,  be  placed  either  in  the  open  air,  or 
under  a  chimney,  when  in  use. 

In  the  chemical  action  just  described  pure  nitric  acid 
is  regarded  as  the  depolariser,  but  since  nitric  acid,  when 
freed  from  nitrous  compounds,  does  not  dissolve  silver, 
although  it  will  do  so  when  nitric  oxide,  NO,  is  present, 
Dr.  Armstrong  *  is  of  opinion  that  it  is  not  the  nitric 
acid  which  is  the  depolariser  in  a  Grove's  cell,  but  the 
nitric  peroxide,  a  trace  of  which  is  always  present  in 
commercial  nitric  acid. 

Under  these  circumstances  some  of  the  nitric  peroxide 
will  be  reduced  to  nitric  oxide  on  the  passage  of  the 
current,  and  the  oxygen  thus  liberated  will  combine  with 
the  hydrogen  set  free  from  the  sulphuric  acid  and  form 
water,  in  accordance  with  the  following  formula  : — 

Before  sending  a  current  ^ 

*(Pt)  -H(HN03)  +#(N02)       ;|  m(H2S04)  +«(Zn), 

After  sending  a  current  £ 


-  1)N02  (m  -  1)(H2S04)  +  (ZnS04) 

+  N0+H20      §  +  («-l)(Zn). 

P-4 

Next,  if  the  nitric  acid  be  strong,  the  nitric  oxide  so 
produced  electrolytically  will  be  converted  back  into 
nitric  peroxide,  thus  : — 

2HN03  +  NO  =  3NO2  +  H2O, 

so  that  with  this  way  of  looking  at  the  subject  the  nitric 
acid  is  not  used  up  to  produce  nitric  peroxide  electroly- 
tically, but  in  converting  the  nitric  oxide  into  nitric 
peroxide  as  a  secondary  chemical  action. 

The  final  result,  however,  is  the  same,  viz.  two 
equivalents  of  nitric  acid  are  used  up,  and  two  each 
of  nitric  peroxide  and  of  water  are  formed  for  each 
equivalent  of  sulphuric  acid  that  is  used  up  in  forming 
one  equivalent  of  zinc  sulphate. 

*  "The  Nature  of  Depolarisers,"  Proc.  Chem.  Soc.,  No.  125,  1893, 
p.  148,  and  No.  127,  p.  188. 
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Consequently,  in  each  hour  for  each  ampere  flowing 
through  a  Grove's  cell  there  will  be  used  up  about  0-043 
oz.  of  zinc,  about  0-065  oz.  of  sulphuric  acid,  and  about 
0-083  oz.  of  nitric  acid  if  of  specific  gravity  1-51,  or 
0-128.  oz.  if  the  nitric  acid  has  a  specific  gravity  of  14, 
i.e.  contains  about  65  per  cent,  of  HNO3 ;  while  about  0'106 
oz.  of  zinc  sulphate,  about  0'061 
oz.  of  nitric  peroxide,  and  about 
0-024oz.  of  water  are  formed,  no 
allowance  being  made  for  waste 
of  material  through  local  action. 
As  with  the  Daniell's  cell,  this 
0'106oz.  of  zinc  sulphate  in 
solution  will  become  0'189oz. 
when  in  the  form  of  crystals. 

The  E.M.F.  of  the  cell  is 
high,  being  about  1  '9  volt,  when 
the  nitric  acid  has  a  specific 
gravity  of  1'41,  and  the  dilute 
sulphuric  acid  a  specific  gravity 
of  1'14,  whereas  if  the  nitric 
acid  be  fuming,  of  a  specific 
gravity  1*51,  the  E.M.F.  rises 
to  about  1*95  volt.  The  resist- 
ance also  is  low,  that  of  a  Grove's  cell  of  the  shape 
and  dimensions  indicated  in  Fig.  197  being  about  0-15 
ohm  when  the  zinc  plate  z  z  is  cast  in  the  shape  shown, 
so  as  to  embrace  both  sides  of  the  porous  pot,  when  the 
nitric  acid  is  strong  and  the  dilute  sulphuric  acid  has  a 
density  of  about  1*15  without  containing  any  zinc  sul- 
phate dissolved  in  it,  and  when,  in  addition,  the  sides  of 
the  porous  pot  are  thin  and  of  open  grain. 

The  large  E.M.F.,  combined  with  the  small  resistance, 
makes  Grove's  cells  very  valuable  when  a  very  strong 
current  has  to  be  produced  for  a  few  hours  in  a  circuit 
of  small  resistance ;  hence,  before  the  perfection  of  the 
dynamo  and  of  secondary  batteries,  they  were  generally 
used  when  the  electric  light  had  to  be  produced.  But  the 


Fig.  197.— Grove's  Cell. 
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production  of  the  zinc  sulphate,  and  of  the  water,  on  the 
passage  of  the  current,  both  lowers  the  E.M.F.  and 
increases  the  resistance  of  the  cell,  so  that  the  current 
which  a  Grove's  cell  can  send  through  a  small  fixed  re- 
sistance falls  off  considerably,  even  after  an  hour  or  two. 

When  the  specific  gravity  of  the  nitric  acid  is  reduced 
by  the  production  of  the  water  to  1*33,  and  the  dilute 
sulphuric  acid  has  a  specific  gravity  of  1-14,  the  E.M.F. 
of  the  cell  falls  to  about  1  '8  volt.  Further,  as  the  nitric 
acid  becomes  more  and  more  dilute  the  nitric  oxide  is 
no  longer  converted  into  nitric  peroxide  in  accordance 
with  the  last  equation  given  above,  and  the  reddish- 
brown  colour  of  the  liquid  turns  to  a  greenish-blue. 

A  Grove's  battery  must  be  taken  to  pieces  at  the 
end  of  each  day's  use,  since  the  mixing  of  the  liquids 
through  the  walls  of  the  very  porous  pots,  used  to  separate 
them,  would  render  the  battery  practically  useless  the 
next  day.  The  porous  pots  should  be  placed  in  water 
and  left  to  soak  all  night,  so  that  all  the  zinc  sulphate 
solution  may  be  dissolved  out  of  the  pores  of  the  earthen- 
ware, for,  otherwise,  when  the  pots  are  dried  the  zinc 
sulphate  solution  will  crystallise  in  the  pores  and  cause 
the  pots  to  tumble  to  pieces. 

If  we  take  the  E.M.F.  of  a  Grove's  cell  as  1-9  volt, 
and  its  resistance  as  O15  ohm,  then  a  battery  of  Grove's 
cells  in  series  will  produce  a  current  of  a  little  over  6 
amperes  when  the  external  resistance  is  equal  to  that  of 
the  battery — the  condition  (as  was  explained  in  §  124, 
page  392)  that  leads  to  the  external  circuit  receiving 
the  maximum  power  from  a  given  battery.  And  in  each 
hour  in  each  cell  with  this  current  of  6  amperes 
about  0*26  oz.  of  zinc, 

,,      0*39  oz.  of  sulphuric  acid, 
and       ,,      0'77  oz.  of  nitric  acid  (sp.  gr.  14)  will  be 

used  up ; 
while       „      0'64  oz.  of  zinc  sulphate  in  solution, 

,,      0'37  oz.  of  nitric  peroxide, 
and       „      0-14  oz.  of  water  will  be  formed, 
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without  any  allowance  being  made  for  waste  of  material 
through  local  action. 

Example  118. — If  41bs.  of  zinc  have  been  consumed 
in  a  Grove's  battery,  how  much  sulphuric  acid  has  been 
used  up,  assuming  that  no  local  action  has  taken  place  ? 

Answer. — 6  Ibs. 

Example  119. — 25  Grove's  cells  in  series  are  sending 
a  current  of  8 J  amperes.  In  what  time  will  2  Ibs.  of 
nitric  acid  be  consumed  ? 

Ansiver. — Since  about  0-128  oz.  of  nitric  acid  (sp.  gr. 
1  -5 1 )  is  consumed  in  a  Grove's  cell  per  hour  per  ampere,  the 

time  required  will  be  about  ,  or  about  1 

hour  11  minutes. 

Example  120. — A  battery  of  12  Grove's  cells  in  series, 
when  sending  an  average  current  of  4  amperes  for  6 
hours  40  minutes,  consumes  lib.  of  zinc.  What  per- 
centage of  the  zinc  is  wasted  in  local  action  ? 

Ansiver. — 16'2  per  cent. 

Example  121. — A  Grove's  cell,  having  an  E.M.F.  of 
1-9  volt  and  an  internal  resistance  of  O'l  ohm,  is  used 
in  series  with  a  Daniell's  cell,  having  an  E.M.F.  of  1-1 
volt  and  an  internal  resistance  of  3  ohms,  to  send  a 
current  through  an  external  resistance  of  2  ohms.  Cal- 
culate the  power  in  watts  developed  by  each  cell  and  the 
power  wasted  in  heating  each  cell. 

Ansiver. — 
Power  developed  by  the  Grove's   cell  equals  1-117  watt. 

„       Daniell's  „          „       0-647     „ 
Power   wasted   in   the   Grove's     „         „       0*036    ,, 
„       Daniell's  „         „      1-038    „ 
Example   122. — If  zinc  costs  £18   a  ton,  sulphuric 
acid  l|d.  a  lb.,  and  nitric  acid  3|d.  per  lb.,  what  is  the 
least  cost  of  supplying  a  Board  of  Trade  unit  of  energy 
to  a  wire  of  3  ohms'  resistance  by  means  of  20  Grove's 
cells  in  series,  each  having  an  E.M.F.  of  1*9  volt  and  a 
resistance  of  0*15  ohm? 
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20  x  1*9 
Answer. — The  current  equals  ^Q Q.^   ,   g  or  6-333, 

amperes,  therefore  the  power  given  to  the  wire  equals 
(6-333)2x3,  or  120-3,  watts.  Consequently,  the  current 

must  flow  for   -19^.0?  or  8*313,  hours  in  order  that  the 

wire  may  receive  a  Board  of  Trade  unit  of  energy. 
Hence,  the  zinc  consumed  will  cost  about  5|d.,  the 
sulphuric  acid  about  6d.,  and  the  nitric  acid  about 
2s.  5d.,  or  about  3s.  5d.  altogether,  when  no  allowance 
is  made  for  waste  of  material  through  chemical  action. 

Example  123. — In  the  preceding  question,  how  many 
Board  of  Trade  units  of  energy  were  actually  developed 
by  the  battery,  and  what  was  the  cost  of  developing  the 
Board  of  Trade  unit  ? 

Answer. — 2;  for,  since  the  resistance  of  the 
battery  was  equal  to  that  of  the  external  circuit,  1 
Board  of  Trade  unit  of  energy  was  wasted  in  heating 
the  battery,  when  1  Board  of  Trade  unit  was  given  to 
the  external  circuit.  Hence,  the  minimum  price  of  the 
chemicals  consumed  in  a  Grove's  battery  when  1  Board 
of  Trade  unit  is  developed  altogether  is  about  Is.  9d., 
when  zinc,  sulphuric  acid,  and  nitric  acid  can  be  bought 
at  the  rates  mentioned  in  example  122. 

Example  124. — If  the  resistance  external  to  a  Grove's 
battery  be  very  large  compared  with  that  of  the  battery 
itself,  what  will  be  the  least  cost  of  supplying  a  Board 
of  Trade  unit  of  energy  to  the  outside  circuit,  with  the 
prices  of  materials  mentioned  in  example  122  ? 

Answer. — In  this  case  practically  the  whole  of  the 
energy  equivalent  to  that  of  the  chemicals  consumed  in 
the  battery  will  be  given  to  the  outside  circuit ;  hence 
the  cost  of  1  Board  of  Trade  unit  of  energy  given  to  the 
outside  circuit  will  be  about  Is.  9d. 

137.  Bunsen's  Cell.— The"  JSunseris"  cell  differs  from 
the  Grove's  only  in  the  platinum  plate  being  replaced  by 
a  cylinder,  or  by  a  block  of  carbon  shown  by  c  in  Fig.  198, 
which  represents  a  common  form  of  Bunsen's  cell  much 
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used  on  the  Continent.  Its  E.M.F.  is  practically  the 
same  as  that  of  the  Grove's  cell.  Carbon  is  a  much 
cheaper  material  than  platinum,  but,  as  the  nitric  acid 
soaks  into  the  carbon,  more  of  it  must  be  used  to  fill  a  cell 
if  the  negative  plate  be  carbon  than  if  it  be  composed  of 
platinum.  Hence,  the  first  cost  of  a  Bunsen' s  cell  is  less 
than  that  of  a  Grove's,  but  the  cost  of  working  it  is 


Fig.  198.-Bunseri's  Cell. 

greater.  If,  then,  the  cells  are  to  be  frequently  employed 
to  send  a  current  it  is  more  economical  to  purchase 
Grove's  cells,  whereas  if  they  are  to  be  only  used 
occasionally  it  may  be  cheaper,  on  the  whole,  to  obtain 
those  of  the  Bunsen  type. 

The  carbons  for  the  Bunsen's  cells  are  either  cut  out 
of  retort  carbon,  or  are  made  by  baking  in  a  furnace  fine 
coke-dust  and  caking  coal  in  an  iron  mould ;  then,  in 
accordance  with  a  process  invented  by  Bunsen,  the  baked 
mass  is  soaked  repeatedly  in  thick  syrup  or  gas-tar,  and 
re-baked  to  impart  solidity  and  conducting  power  to  it. 
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138.  Potassium  Bichromate  Cell.  —  This  is  a  form 
of  cell  devised  by  Prof.  Poggendorff,  in  which  the  de- 
polariser  is  chromium  trioxide  (OO3),  popularly  called 
chromic  acid,  since  chromium  trioxide  dissolved  in  water 
has  a  strong  acid  reaction.  But,  as  the  chromium  trioxide 
used  formerly  to  be  prepared,  by  the  user  of  the  cell,  by 
acting  on  potassium  bichromate,  K3Cr207,  with  sulphuric 
acid  the  cell  is  frequently  called  the 
"  potassium  bichromate  "  cell.  Now, 
however,  crystals  of  chromium  tri- 
oxide containing  5  per  cent,  of  water 
of  crystallisation  can  be  purchased 
ready  prepared,  and  when  these  are 
used  the  cell  may  be  shortly  called  a 
"  chromic  acid  "  cell. 

The    cell    is   constructed  in  two 
forms,  one  without  and  one  with  a 
porous  pot,  seen  in  Figs.    199    and 
200    respectively.      The   plates    em- 
ployed are  of  carbon,  K,  and  amalga- 
mated zinc,  z  (Fig.  199),  two  carbon 
plates  being  generally  used  with  the 
former   type  of  cell  to  diminish  its 
resistance.   The  zinc  plate  z  is  sup- 
ported by  the  rod  a,  and  should  be 
pushed  into  the  liquid  only  when  the 
cell  is  required  to  give  a  current,  and  withdrawn  directly 
the    current    is    interrupted,     otherwise    an     insoluble 
chromium   salt  forms    on    the    surface    of   the  zinc  and 
interferes  with  the  action  of  the  cell. 

The  chemical  change  which  takes  place  when  a 
current  passes  through  a  single  fluid  chromic  acid  cell, 
containing  chromium  trioxide  dissolved  in  dilute 
sulphuric  acid,  is  as  follows  :  — 

Before  sending  a  current          7^C)  +  £(Cr03)-M 
After  sending  a  current 

•<  -  :  - 


Fig.  199.— Potassium  Bi- 
chromate Cell  without 
Porous  Pot. 


+  3(ZnS04H-(n-3)(Zn), 
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chromium  trioxide,  sulphuric  acid,  and  zinc  being  used 
up,  while  chromium  sulphate,  O23S04,  water,  and  zinc 
sulphate  are  formed. 

With  the  type  of  potassium  bichromate  cell,  having  a 
porous  pot,  the  zinc,  z  (Fig.  200),  is  frequently  cast,  in 
the  form  of  a  block,  on  to  a  stout  copper  wire,  carrying 
the  binding  screw,  and  both 
the  block  and  the  wire  are 
well  amalgamated,  or  the  rod  is 
coated  with  guttapercha  to 
insulate  it.  In  the  porous  pot 
containing  the  zinc,  there  is  put 
a  small  quantity  of  mercury  to 
maintain  the  amalgamation,  and 
either  dilute  sulphuric  acid,  in 
which  case  the  chemical  action  is 
the  same  as  in  the  cell  without 
the  porous  pot,  or,  instead,  a 
solution  of  common  salt,  Nad, 
when  zinc  chloride,  ZnCL,  is 

Fig.  200.— Potassium  Bichro-       ,.  j  •      .       j      p      •  i    i     , 

mate  Ceil  with  Porous  Pot.       formed  instead  or  zinc  sulphate, 
and   sodium   sulphate,   Na0SO4, 

in  addition  to  the  chromium  sulphate.  The  complete 
chemical  action  is  in  this  latter  case : — 


Before  sending  a  current 

&(C)  +  /(Cr03)  +  w(H2 
After  sending  a  current 


+  (»n-6)(H2S04)  +  6(HaO) 


3(Na2S04)  +  (n  -  6)(XaCl) 

+  3ZnCl2+(j0-3)(Zn). 


The  potassium  bichromate  cell  gives  rise  to  no  dis- 
agreeable fumes,  has  a  high  E.M.F.  of  over  2  volts  when 
the  cell  is  new,  and  a  low  internal  resistance.  The 
E.M.F.,  however,  rapidly  falls  when  the  cell  is  employed 
to  send  a  strong  current  continuously,  but  nearly  re- 
covers its  original  value  when  the  cell  has  remained  out 
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of  action  for  some  time.  This  type  of  cell  is,  therefore, 
very  suitable  for  producing  a  strong  current  for  a  short 
time. 

When  the  supply  of  chromium  trioxide  becomes  ex- 
hausted, the  orange  colour  of  the  solution  turns  blue,  and 
when  this  change  of  colour  is  observed,  more  chromium 
trioxide,  or  potash  bichromate,  should  be  added.  If, 
however,  the  cell  begins  to  fail  when  the  orange  colour 
still  remains,  then  more  sulphuric  acid  is  needed. 

When  chromium  trioxide  crystals  are  not  available, 
so  that  a  suitable  mixture  of  chromic  and  sulphuric  acids 
cannot  be  directly  made  by  dissolving  the  crystals  in 
water  and  adding  about  three  and  a  half  times  their 
weight  of  sulphuric  acid,  it  may  be  prepared  in  the 
following  way  : — Add  with  constant  stirring  1  Ib.  of  pul- 
verised commercial  potassium  bichromate  to  2 Jibs.,  or 
about  1  pint,  of  sulphuric  acid,  having  a  specific  gravity 
of  about  1'84,  and,  when  the  formation  of  the  chromium 
trioxide  and  the  potassium  sulphate,  K0SO4,  produced 
by  the  mixture,  is  completed,  pour  in  slowly  121bs.,  or 
about  9J  pints,  of  cold  water.  The  liquid  will  become 
gradually  warm,  and  the  crystalline  precipitate  be  entirely 
dissolved. 

The  chemical  action  produced  by  this  mixing  may  be 
represented  by — 

K0Cr0O7  +  7HQSO.4  =  2CrO,  +  6H0S04  +  K,SO4 
+  H20. 

One-seventh  of  the  oxygen  contained  in  the  potassium 
bichromate  is,  therefore,  employed  in  forming  water, 
and  is  useless  to  serve  as  a  depolariser  in  the  proper 
action  of  the  cell.  Further,  one  part  of  the  sulphuric 
acid  supplied  is  used  in  forming  the  potassium  sulphate, 
while  the  equations  previously  given  show  us  that  three 
more  parts  of  the  sulphuric  acid  are  used  to  produce  the 
chromium  sulphate,  so  that  only  three-sevenths  of  the 
total  amount  of  sulphuric  acid  consumed  are  usefully 
employed  in  forming  the  zinc  sulphate. 
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As  the  cell  becomes  saturated  with  the  potassium 
and  chromium  sulphates  a  double  salt,  chrome  alum, 
K3Cr24S04,  crystallises  out  and  sticks  so  firmly  to  the 
bottom  of  the  cell  that  it  is  somewhat  difficult  to  remove. 

If  chromic  acid  be  not  available  it  can  be  formed 
more  cheaply  and  easily  from  sodium  bichromate  than 
from  potassium  bichromate.  For,  as  Professor  Carhart  * 
points  out,  there  is  11  per  cent,  more  oxygen  available 
as  a  depolariser  in  sodium  bichromate  than  in  the  same 
weight  of  potassium  bichromate  ;  sodium  bichromate 
is  also  much  more  soluble  in  water,  so  that  a  stronger 
solution,  and  containing,  therefore,  more  oxygen,  and 
consequently  less  quickly  exhausted,  can  be  used  if 
sodium  bichromate  be  employed;  lastly,  a  double  sul- 
phate of  sodium  and  chromium  does  not  crystallise  out 
as  does  chrome  alum. 

Example  125. — A  single  fluid  potassium  bichromate 
cell  is  used  to  produce  a  current  of  1  ampere  for  10 
hours.  How  much  sulphuric  acid  is  consumed  in  the 
preparation  of  the  necessary  amount  of  chromium  tri- 
oxide and  in  the  working  of  the  cell,  and  how  much  zinc 
sulphate  and  water  are  formed?  Allow  33  per  cent, 
additional  for  waste. 

Answer. —      Sulphuric  acid,  about  2  oz. 
Zinc  sulphate        ,,      1*4  oz. 
Water  „     0-27  oz. 

Example  126. — What  is  the  mean  value  of  the 
current  that  a  chromic  acid  cell  has  been  producing  for 
4  hours  if  the  zinc,  which  originally  weighed  8oz.,  has 
been  reduced  to  7JozJ  Also,  how  much  sulphuric  acid 
and  chromium  trioxide  have  been  used  up  1 

Ansiuer. — Current,  about  2 '9  amperes. 

Sulphuric  acid,  about  l'27oz. 
Chromium  trioxide  crystals,  about  0'53oz. 

Example  127. — How  much  zinc,  sulphuric  acid,  and 
chromium  trioxide  would  be  consumed  in  a  chromic  acid 
cell  having  an  E.M.F.  of  1'8  volt  and  an  internal  resist- 
"  Primary  Batteries,"  Professor  H.  S.  Carhart. 
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ance  of  O75  ohm,  if  used  for  3  hours  to  send  a  current 
through  an  external  resistance  of  1J  ohm? 
Answer. — Zinc,  about  0-103  oz. 

Sulphuric  acid,  about  0'308  oz. 

Chromium  trioxide  crystals,  about  0-11  oz. 

Example    128. — What    would    be   the   cost   of    the 

materials  consumed  in  a  two-fluid  potassium  bichromate 

battery,  when  supplying  a  Board  of  Trade  unit  to  an 

external  circuit  having  a  resistance  equal  to  that  of  the 

battery,  if  the  mean  E.  M.  F.  of  each  cell  were  1  '8  volt, 

and  waste  due  to  local  action  were  neglected  1     Take  the 

price  of  zinc  as  2d.  per  lb.,  of  sulphuric  acid  Id.  per  lb., 

of  potassium  bichromate  7d.  per  lb.,  and  of  salt  |d.  per  lb. 

Answer. — 

Cost  of  zinc,  about  6d. 

,,      sulphuric  acid,  about  lOJd. 
,,       potassium  bichromate,  about  2s.  7|d. 
„      salt,  about  2|d. 

Hence,  the  total  cost,  if  there  be  no  waste  due  to  local 
action,  is  about  4s.  3d. 

Example  129. — What  will  be  the  reduction  in  cost 
in  the  last  question  if  chromium  trioxide  at  7Jd.  per  lb. 
be  used  instead  of  potassium  bichromate  at  7d.  per  lb.  ? 
Answer. — Cost  of  zinc,  about  6d. 

,,      sulphuric  acid,  about  9d. 
„       chromium  trioxide,  about  2s. 
„       salt,  about  2|d. 

Hence,  the  total  cost,  if  there  be  no  waste  due  to  local 
action,  will  now  be  about  3s.  6d. 

Exvmplel'30. — With  the  preceding  prices  of  materials, 
what  would  be  the  cost  of  supplying  a  Board  of  Trade 
unit  to  an  external  circuit  of  very  large  resistance  by 
means  of  a  two  fluid  chromic  acid  battery,  neglecting 
waste  due  to  local  action. 

Answer. — About  Is.  9d. 

139.  Leclanche"  Cell. — Hitherto  we  have  been  deal- 
ing with  cells  in  which  the  liquid  acting  on  the  positive 
plate  is  an  acid,  and  the  depolariser  is  a  fluid,  but  an 
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important  type  of  cell  was  devised  by  Leclanche  in  1866, 
in  which  the  liquid  acting  on  the  zinc,  or  positive,  plate 
was  a  neutral  liquid,  viz.  a  solution  of  ammonium 
chloride,  popularly  called  sal  ammoniac,  NH4C1,  and 
the  depolariser  was  a  solid  manganese  peroxide,  MnO2, 
packed  with  bits  of  gas  carbon  round  the  carbon  or 

negative  plate. 

The  "  Leclanche'"  -cell  is, 
therefore,  a  single-fluid  cell, 
the  porous  pot  seen  in  Fig. 
201,  which  illustrates  one  of 
the  earlier  forms  of  this  type 
of  cell,  being  used  merely 
for  the  purpose  of  keeping 
the  mixture  of  manganese 
peroxide  and  broken  gas 
carbon  in  contact  with  the 
carbon  plate;  and,  to  prevent 
the  mixture  being  shaken 
out  of  the  pot,  it  is  closed  at 
the  top  with  pitch.  A  small 
hole  is  left  in  the  pitch  so 
that  a  little  water  or  a  little 
solution  of  sal  ammoniac, 
may  be  poured  in  to  start 
the  action.  The  zinc  is 
made  in  the  form  of  a  rod  with  a  copper  wire  cast  into 
the  top  of  it,  and  the  rod  rests  in  a  recess  in  the  corner 
of  the  glass  jar  made  to  receive  it. 

The   chemical   action    of    the   Leclanche    cell    is   as 
follows  :  — 

Before  sending  a  current 

£(C)  +  Z(Mn02Hm(NH4Cl)  +  w(Zn), 
After  sending  a  current 


Fig.  201. 


-Leclanch6  Cell  with 
Porous  Pot. 


-  2)  (Mn02)  -f  (Mn203)  +  (OH2)  +  2(NH3)  + 
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Manganese  peroxide  is,  therefore,  reduced  to  man- 
ganese sesqui-oxide,  Mn2O3,  sal  ammoniac  and  zinc  are 
used  up,  water  and  zinc  chloride,  ZnCl2,  are  formed,  and 
ammonia  gas,  NH3,  is  given  off.  Substituting  the 
atomic  weights,  we  see  that  for  every  50  grains  of  zinc 
used  up  about  82  grains  of  sal  ammoniac  are  consumed, 
and  about  134  grains  of  the  manganese  peroxide  are 
reduced  to  manganese  sesqui-oxide.  If,  however,  too 
little  sal  ammoniac  be  present,  zinc  oxide,  or  zinc  oxy- 
chloride,  is  formed  instead  of  zinc  chloride,  and  the 
solution  becomes  milky;  hence,  when  this  happens,  more 
sal  ammoniac  should  be  added. 

Electric  contact  with  the  carbon  plate  is  made  by 
means  of  a  lead  cap  cast  on  to  it,  firm  connection  being 
made  between  them  by  the  lead  running  into  two 
quarter-inch  holes  drilled  sideways  through  the  top  of 
the  rod,  and  thus  riveting  the  cap  on  the  plate.  To 
prevent  the  liquid  creeping  up  by  capillary  action  be- 
tween the  top  of  the  carbon  plate  and  the  lead  cap, 
where  it  would  form  a  salt  of  lead  and  introduce  a  high 
resistance  between  the  two,  the  top  of  the  carbon  plate, 
after  the  holes  have  been  drilled  in  it,  is  heated  for  one 
hour  in  paraffin  wax  at  a  temperature  of  110°C.,  and 
thus  rendered  non-porous. 

The  E.M.F.  of  a  Leclanche  cell  is  about  1*5  volt, 
but  in  the  case  of  the  porous  pot  Leclanche  cell  (Fig. 
201)  the  E.M.F.  falls  rapidly  when  the  cell  is  used  to 
send  a  strong  current.  It  will,  however,  regain  its  value 
if  the  cell  be  left  for  some  time  unused,  and  it  does  not 
sensibly  diminish  when  the  cell  is  put  on  one  side,  even 
for  some  months.  Hence,  while  the  Leclanche  cell  is 
much  inferior  to  the  DanieWs  for  the  purpose  of  sending 
a  steady  current  for  an  hour  or  two,  it  is  much  superior 
to  the  DanieWs  cell  for  producing  intermittent  currents 
at  any  time  during  the  course  of  a  year  or  more — -for 
example,  such  currents  as  are  employed  for  the  ringing 
of  electric  bells. 

The  objections  to  this  simple  form  of  Leclanche"  cell, 
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in  addition  to  its  rapid  polarisation,  are — (1)  the  use  of 
the  porous  pot,  which  increases  the  resistance  of  the  cell; 
(2)  the  evaporation  of  the  liquid  indicated  by  the  liquid 
tilling  only  half  the  cell  in  Fig.  201  ;  (3)  the  eating  away 
of  the  zinc  rod  which  occurs  at  the  surface  of  the  liquid, 
thus  rendering  the  rod  useless  before  the  lowrer  part  is 
used  up ;  and  (4)  the  creeping  of  the  salts,  this  latter 
defect  being,  however,  partly  counteracted  by  dipping 
the  top  of  the  porous  pot  and  of  the  glass  jar  as  well 
as  the  upper  part  of  the  carbon  plate  into  melted 
ozokerite,  or,  best  of  all,  into  paraffin  wax  melted  in 
warm  oil.  Various  modifications  of  the  Leclanche  cell 
have  been  introduced  to  overcome  the  first  two  defects. 
M.  Leclanche  in  1871  dispensed  with  the  porous  pot 
by  replacing  the  loose  powder  of  manganese  peroxide 
and  gas  carbon  with  a  solid  agglomerate  composed 
of  40  parts  of  granulated  manganese  peroxide,  52 
of  granulated  carbon,  5  of  gum  shellac,  3  of  potassium 
sulphate,  and  a  small  quantity  of  sulphur.  This  mixture 
is  heated  to  100°C.,  and  pressed  into  moulds  under  great 

pressure;  the  sulphur  vola- 
tises  and  leaves  the  blocks  in 
a  porous  condition,  so  that 
the  liquid  can  soak  into 
them.  The  negative  plate  is 
formed  by  binding  a  block 
of  the  agglomerate,  a,  on 
each  side  of  the  carbon  plate 
with  indiarubber  bands  (Fig. 
202). 

M.  Barbier  also  dispensed 
with  the  carbon  plate  in 
the  "Leclanche- Barbier"  cell 
devised  in  1886,  which  is 
seen  in  perspective  and  in 
section  in  Figs.  203  and 

Fig.  202.-Leclanche  Agglomerate       ?°3^  .  The  Agglomerate  block 

Ceil.  tor  this  type  or  cell  is  in  the 
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form  of  a  cylinder,  c  (Fig.  203a),  composed  of  man- 
ganese peroxide  and  plumbago,  the  plumbago  being  used 
in  preference  to  bits  of  carbon  in  order  to  give  the  block 
greater  conductivity.  Round  the  top  of  this  cylinder 


Figs.  203  and  203«.—  Leclanche-Barbier  Coll. 


there  is  cast  a  metal  collar,  E,  and  the  binding  screw  P 
attached  to  this  collar  is  the  positive  terminal  of  the  cell. 
This  metal  collar  also  serves  to  support  the  agglomerate 
cylinder  by  resting  on  the  edge  of  the  glass  jar,  B,  an  india- 
rubber  washer,  G,  being  inserted  between  the  collar  and 
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the  ground  edge  of  the  jar  B,  to  make  a  tight  joint. 
The  zinc  rod  H  also  does  not  rest  on  the  bottom  of  the 
jar,  but  is  supported  by  being  tightly  fitted  in  a  disc  of 
paraffined  wood,  I,  which  loosely  closes  the  top  of  the 
agglomerate  cylinder,  and,  to  prevent  contact  between 
the  zinc  rod  and  the  cylinder,  should  this  wooden  disc  be 
displaced,  a  piece  of  iiidiarubber  tube,  j,  is  fitted  on  the 
bottom  of  the  zinc  rod.  Small  holes,  D,  D,  are  drilled 
through  the  carbon  cylinder  to  facilitate  the  circulation  of 
the  liquid  between  the  inside  and  outside  of  the  cylinder. 
While,  then,  the  ammonia  gas  produced  by  the  action 
of  the  cell  can  escape,  there  is  practically  no  evaporation 
of  the  liquid  with  the  Leclanclie-Barbier  cell ;  hence  the 
creeping  of  the  salt  is  avoided,  and  this  type  of  cell  can 
be  left  for  long  periods  of  time  without  any  attention. 
A  solution  of  sal  ammoniac  cannot,  however,  be  used 
with  this  form  of  agglomerate,  as  it  destroys  the  porosity, 
and  to  replace  the  sal  ammoniac  M.  Leclanche  has  intro- 
duced a  special  salt,  which  also  has  the  advantage  of 
acting  uniformly  on  the  portion  of  the  zinc  rod  immersed 
in  the  liquid,  and  not  merely  at  the  surface  of  the 
liquid.  The  composition  of  a  specimen  of  this  salt,  as 
determined  by  an  analysis  carried  out  by  Dr.  Moody  at 
the  Central  Technical  College,  is  : — 

Zinc  chloride  ...          ...      20-00  per  cent. 

Ammonium  chloride  ...     75-81        „ 

Moisture  that  can  be  driven 

offat!50°C 2-91 

Sodium  sulphate        ...          ...       0-48        „ 

Water  which  is  not  driven  off 
at  150°C.,  and  other  im- 
purities, including  a  trace 
of  iron  ...  ...  ...  0*8  „ 

Dr.  Moody  mentions  that  the  solubility  of  this  salt, 
compared  with  that  of  plain  ammonium  chloride,  is  as 
1-36  to  1,  but  that  it  possesses  greater  creeping  power 
than  is  shown  by  ammonium  chloride.  He  adds  that 
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the  salt  cannot  be  formed  by  simply  mixing  zinc  chloride 
with  ammonium  chloride,  as  such  a  mixture  would  be 
deliquescent  from  the  power  that  zinc  chloride  has  to 
absorb  moisture  from  the  air,  and,  therefore,  that  it  is  a 
mixture  of  the  double  chloride  of  zinc  and  ammonium, 
ZnClo2NH4Cl,  with  ammonium  chloride,  formed  by 


Figs.  204  and  204a.— Aylmer-Leclanch6  Cell. 

adding  ammonium  chloride  to  a  solution  of  zinc  chloride 
and  allowing  the  salt  to  crystallise  out  by  evaporation. 

The  zinc  rod  of  the  Leclanche'  cell  certainly  exposes 
too  little  surface  to  the  liquid,  and  the  author  some  years 
ago  replaced  this  rod  by  a  hollow  zinc  cylinder  surrounding 
the  porous  pot.  Still  better  results  have  been  obtained 
by  Mr.  Aylmer,  who  has  combined  the  agglomerate  blocks 
without  porous  cell,  already  referred  to,  with  the  zinc 
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cylinder,  as  illustrated  in  Figs.  204  and  204a,  which 
show  respectively  the  complete  "  Aylmer-Leclanche  "  cell 
and  a  section  of  its  interior. 

The  curves  in  Fig.  205  give  the  results  of  tests  made 
on  three  types  of  Leclanche  cell,  when  the  outside  resist- 
ance in  each  case  was  maintained  constant  at  10  ohms, 
the  plan  adopted  by  the  Post  Office  for  testing  cells,  and 


iAyL  ner-L  e  clanche 
—  Leclanche-Barbier 


Pot  Leclanche 


Fig.  205. — Curves  showing  the  Time-fall  of  current  with  an  external  resistance 
of  10  ohms  in  each  case. 


we  see  that  the  current  under  these  circumstances  fell 
to  half  its  value  in  six,  seventeen,  and  forty-one  days 
respectively  with  the  ordinary  porous  pot  Leclanche  cell, 
the  Leclanche-Barbier  cell,  and  the  Aylmer-Leclanche  cell. 
It  will  be  observed  that  in  each  case  the  polarisation  is 
somewhat  rapid  at  the  beginning,  and  especially  rapid 
in  the  case  of  the  ordinary  porous  pot  Leclanche  cell. 

Example  131. — If  2  Ibs.  of  zinc  have  been  consumed 
in  a  Leclanche  battery,  how  much  sal  ammoniac  has  been 
\itilised  in  the  same  time  ? 

Answer. — About  3-3  Ibs. 
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Example  132. — Compare  the  rates  of  using  up  man- 
ganese peroxide  and  sal  ammoniac  in  a  Leclaiiche  cell. 
Answer. — Approximately,  as  163  to  100. 

Example  133. — What  is  the  cost  of  the  material 
consumed  in  6  Leclanche  cells  in  series  when  developing 
a  current  of  0!1  ampere  for  three  hours  a  day  for  200 
days,  if  10  per  cent,  of  the  material  used  is  wasted 
through  local  action?  Take  the  price  of  zinc  as  l|d. 
per  lb.,  of  sal  ammoniac  45s.  per  cwt.,  and  of  manganese 
peroxide  as  14s.  per  cwt. 

Answer. —     Cost  of  zinc,  about  2d. 

,,       sal  ammoniac,  about  8|^d. 

„       manganese  peroxide,  about  4Jd. 

Example  134. — With  the  prices  of  materials  given  in 
the  preceding  question,  what  would  be  the  expense  of 
supplying  a  Board  of  Trade  unit  to  an  external  circuit 
by  means  of  a  battery  of  6  Leclanche  cells  whose  resist- 
ance was  equal  to  that  of  the  external  circuit,  and  the 
mean  value  of  whose  E.M.F.  during  the  time  was  1-2 
volt  per  cell  1 

Answer. — Cost  of  zinc,  about  8d. 

„       sal  ammoniac,  about  2s.  lOd. 
„       manganese  peroxide,  about  Is.  5|d. 
Hence,  disregarding  waste  due  to  local  action,  the  cost 
of  supplying  the  Board  of  Trade  unit  would  be  about  5s. 

Example  135. — If  the  resistance  external  to  a  Le- 
clanche' battery  be  very  large  compared  with  that  of  the 
battery  itself,  and  if  the  average  E.M.F.  of  each  cell 
may  be  taken  as  1-5  volt,  what  is  the  cost  of  developing 
a  Board  of  Trade  unit,  with  the  prices  of  materials  given 
in  example  133? 

Answer. — 2s. 

140.  Dry  Cells. — Many  attempts  have  been  made  to 
construct  a  cell  which  could  be  turned  upside  down  or 
used  in  any  position  without  interfering  with  its  action.* 
Volta  constructed  a  battery  of  zinc  and  copper  plates 

*  "Primary  Batteries  in  Theory  and  Practice,"  W.  R.  Cooper, 
Electrician,  vol.  xxxi.,  1893. 

P* 
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with  pieces  of  moist  cloth  inserted  between  them. 
Zamboni  used  discs  of  paper  covered  on  one  side  with 
tin  and  on  the  other  with  manganese  peroxide ;  but 
batteries  of  this  type,  although  they  could  produce  a  large 
E.M.  F.  when  a  sufficiently  large  number  of  elements  was 
employed,  were  only  able  to  furnish  an  extremely  small 
current  in  consequence  of  their  large  internal  resistance. 
Wolf,  Keisen,  and  Schmidt  tried  to  make  a  "  dry  cell " 
of  moderate  resistance  by  mixing  sawdust  with  cellulose. 
Desruelles  filled  a  Leclanche  cell  with  asbestos  fibre  and 
spun  glass ;  Pollak  employed  a  gelatine  glycerine ;  but 
the  first  to  construct  a  dry  cell  which  could  be  success- 
fully used  to  produce  an  appreciable  current  was  Gassner 
in  1888. 

The  "  Gassner's "  dry  cell  was  a  form  of  Leclanche 
cell,  the  plates  being  formed  of  carbon  and  zinc,  the 
latter  being  made  in  the  shape  of  a  pot  to  contain  the 
jelly  which  surrounded  the  carbon  rod.  This  jelly  was 
composed  of  sal  ammoniac,  zinc  chloride  and  oxide,  cal- 
cium sulphate,  and  water,  the  zinc  oxide  being  possibly 
added  to  give  porosity  to  the  jelly.  The  E.M.F.  was 
about  1'3  volt,  the  internal  resistance  of  different  cells 
of  the  same  size  was  very  different,  and  the  resistance  of 
any  one  cell  varied  in  an  irregular  way  during  working. 
The  cells  polarised  rapidly  when  used,  and  were  also 
liable  to  short-circuit  internally.  Nevertheless,  their 
compactness,  portability,  freedom  from  all  creeping  of 
the  salts,  and  the  fact  that  they  did  not  dry  up,  led 
people  to  consider  whether  cells  constructed  somewhat 
on  the  principle  of  the  Gassner  dry  cell  might  not  be 
manufactured  so  as  to  be  commercially  useful. 

Many  experimenters  attacked  this  problem  ;  and  of 
the  various  workers,  two  of  the  most  successful  were 
Hellesen,  in  Germany,  and  Burnley,  in  America. 

141.  Hellesen  Dry  Cell.— In  the  "Hellesen"  dry 
cell,  which  was  introduced  into  England  by  Messrs. 
Siemens  Bros,  about  1890,  the  carbon  rod,  c,  is  made 
hollow  and  packed  with  silicate  cotton,  s  c  (Fig.  206). 
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The  rod  is  surrounded  with  a  black  paste,  M,  shown  by 
analysis  to  be  composed  mainly  of  manganese  peroxide, 
broken  bits  of  carbon,  water,  the  oxides  of  magnesium, 
silicon,  and  iron,  together  with  a  small  quantity  of 
calcium  oxide.  Outside  this  is  a  white  paste,  L,  com- 
posed mainly  of  water,  the  oxides  of  calcium  and  zinc, 
ammonia,  and  a  trace  of  magnesium  oxide  mixed  with 
some  gelatinous  substance. 
Next  comes  the  zinc,  z,  in 
the  form  of  a  pot,  the  whole 
being  contained  in  a  mill- 
board case,  M  c,  packed  in- 
side with  sawdust,  s.  The 
top  is  closed  by  pouring  in  w  T 
melted  pitch,  p ;  and  a 
water  tube,  w  T,  is  inserted 
to  carry  off  the  gas  that 
may  be  generated. 

The  E.M.F.  of  a  new 
Hellesen  cell  is  about  1'45 
volt,  and  for  a  cell  weighing 
1  Ib.  7  oz.  the  resistance  is 
about  1  ohm  when  1  ampere 

is   flowing.      If  a  cell  of  this  Fig.  206.-Hellesen  Dry  Cell. 

size  be  used  to  send  a  current 

of  0*1  ampere,  the  P.D.  falls  about  9  per  cent,  in  the 
first  hour,  and  in  each  subsequent  hour  about  3  per  cent, 
more  of  its  original  value. 

The  oxide  of  iron  is  used  in  the  Hellesen  dry  cell, 
probably  to  assist  the  manganese  peroxide  as  a  de- 
polariser,  but  several  of  the  other  oxides  employed  in 
this  cell  appear  to  have  no  use  beyond  giving  porosity 
to  the  paste  and  perhaps  absorbing  the  ammonia  gas. 
The  majority  of. these  oxides  have,  therefore,  been  dis- 
carded in  the  Burnley  dry  cell  as  well  as  in  the  form 
of  dry  cell  subsequently  devised  by  Dr.  Obach. 

142.  Burnley,  or  E.C.C.,  Dry  Cell.  — A  simpler 
type  of  dry  cell,  devised  by  Burnley,  is  sold  by  the 
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General  Electric  Company,  London,  but  is  generally 
called  the  "KCC."  dry  cell,  because  it  was  first 
brought  out  by  the  Electric  Construction  Corporation. 
It  consists  of  a  carbon  rod,  c  (Fig.  207),  surrounded 
with  a  black  paste,  M,  composed  of  manganese  peroxide, 
and  powdered  carbon,  moistened  with  a  solution  of  sal 
ammoniac  and  zinc  chloride.  This  is  surrounded  with 
a  white  paste,  L,  composed  of 
plaster-of-Paris  and  flour  moist- 
ened with  a  solution  of  sal 
ammoniac  and  zinc  chloride. 
The  zinc  case,  z,  is  in  immediate 
contact  with  this  paste,  and  is 
sealed  at  the  top  with  a  bitu- 
minous compound,  p,  proper 
arrangements  being  made  for 
the  escape  of  gas  by  the  small 
tube,  w  T.  The  whole  is  then 
inserted  in  a  mill-board  case,  I, 
which,  in  the  later  form  of  this 
type  of  cell,  covers  the  whole  of 
the  zinc  case,  in  order  to  produce 
good  insulation,  instead  of  merely 
serving  as  an  insulating  base,  as 
in  the  figure. 

The  E.M.F.  of  an  E.C.C.  cell 
about    1'45   volt,   and    a    cell 


Fig.  207.— Burnley,  or  E.C.C. 
ell. 


Dry  Cel 

is   aoout    1-4:0   volt,   ana    a 
weighing  2  Ibs.  1  oz.  will  send  a  current  of  O'l  ampere 
for  200  hours  before  the  E.M.F.  falls  to  0-5  volt. 

Tests  made  by  Professor  Jamieson*  show  that  an 
E.C.C.  cell  polarises  less  rapidly  when  sending  a  given 
current  than  does  a  Hellesen  cell  of  about  the  same 
weight,  and  therefore  the  E.C.C.  cell  gives  out  a  larger 
amount  of  energy,  for  a  given  percentage  fall  in  the 
terminal  P.D. 

143.  Obach  Dry  Cell.— The  Obach  dry  cell,  which 
was  introduced  by  Messrs.  Siemens  Bros,  in  1894,   is 
*  "Proceedings  Phil.  Soc.  of  Glasgow,"  1892-93. 
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constructed  as  follows  : — A  zinc  cylinder  (Fig.  208)  is 
cemented  to  an  insulating  base,  B,  composed  of  about  75 
per  cent,  asphalt,  12J  per  cent,  paper  pulp,  and  12^  per 
cent,  resin,  the  base  being  moulded  when  hot  into  the 
shape  shown  in  the  figure.  The  depolariser  D  is  composed 
of  a  stiff  paste  containing  about  55  per  cent,  manganese 
peroxide,  44  per  cent,  plumbago,  and  1  per  cent,  gum 
tragacanth,  which  is  shaped  into 
the  form  of  a  hollow  cylinder  by 
being  forced  through  an  annular 
die.  This  cylinder  is  wrapped  in 
porous  paper,  the  carbon  rod  c  put 
inside  it,  and  the  two  are  placed 
in  position  in  the  cell  and  centred 
by  means  of  the  shallow  rim  R  of 
the  base.  In  the  space  between 
this  cylinder  and  the  zinc  there  is 
poured  a  thin  paste,  E,  consisting 
of  about  85  per  cent,  plaster-of- 
Paris  and  15  per  cent,  flour, 
moistened  with  a  solution  of  sal 
ammoniac,  which  acts  as  the  ex- 
citing fluid.  The  whole  having 
been  pressed  down  to  bring  the 
substances  well  into  contact  with 
one  another,  an  annulus  of  paper, 
p,  is  placed  on  the  top,  above  this 
a  layer  of  rasped  or  ground  cork,  G, 
a  second  annulus  of  paper,  p',  and  the  whole  is  then  sealed 
with  a  bituminous  compound,  K,  a  small  tube,  T,  being 
inserted  to  afford  an  escape  for  the  gas  that  is  produced. 
A  copper  wire,  w,  soldered  to  the  zinc  cylinder,  z, 
forms  one  terminal,  and  the  binding  screw,  s,  forms  the 
other.  The  screw-threaded  pin  s  of  this  terminal  is  fas- 
tened to  the  carbon  rod  thus: — A  round  hole,  larger  than 
the  pin,  is  bored  into  the  top  of  the  carbon,  and  by  means 
of  a  V-shaped  chisel  a  groove  is  cut  down  each  side  of  the 
hole,  the  chisel  being  somewhat  inclined  so  as  to  deepen 
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the  grooves  at  the  bottom:  The  pin  s  being  held  central 
in  this  hole,  a  fused  alloy  consisting  of  about  2  parts 
bismuth  to  2  parts  lead  and  1  part  tin,  is  poured  into  the 
hole.  This  alloy  expands  somewhat  on  solidifying,  and 
so  holds  the  screw-pin  s  tightly  in  position  ;  but,  in  addi- 
tion to  this,  a  nut,  N,  is  screwed  down,  the  pin  and  the 
alloy  being  prevented  from  turning  by  the  alloy  having 
solidified  in  the  grooves  which  are  cut  in  the  sides  of 
the  hole  in  the  carbon  rod.  Finally  the  nut  N,  which  is 
tinned  on  its  lower  side,  is  soldered  in  position. 

The  E.M.F.  of  the  Obach  dry  cell,  like  that  of  other 
types  of  Leclanche  cell,  is  about  1'5  volt  when  the  cell 
is  sending  no  current  or  but  a  very  small  current.  With 
an  Obach  dry  cell  weighing  41b.  6  oz.  the  E.M.F.  falls 
to  about  1'39  volt  when  the  current  passing  through  the 
cell  is  |th  of  an  ampere.  The  resistance  of  such  a  cell 
varies  from  about  0*4  ohm  for  a  very  small  current  to 
about  Ol  ohm  when  the  current  passing  is  {th  of  an 
ampere.  If  this  current  of  :)th  of  an  ampere  be  sent 
continuously  by  a  smaller  type  of  Obach  cell  weighing 
21b.  10  oz.,  the  P.D.  between  its  terminals  falls  from 
about  1*4  to  about  1'27  volt  hi  the  first  hour,  but  does 
not  fall  to  lower  than  about  1*2  volt  in  the  next  six  hours. 

144.  Edison-Lalande  Cell. — Just  as  hydrogen  de- 
posited on  the  copper  plate  of  a  cell  produces  a  back 
E.M.F.  and  checks  the  current,  oxygen  deposited  on  the 
copper  plate  sets  up  a  forward  E.M.F.  and  helps  the 
action  of  the  cell.  Hence  copper  oxide  can  be  used  to 
serve  both  as  the  negative  plate  and  as  the  clepolaris  r. 
Cells  on  this  principle  were  made  by  Lalande  ai  d 
Chaperon.  The  black  copper  oxide  was  contained  in  a 
cup  of  sheet-iron  at  the  bottom  of  the  cell,  contact  with 
this  cup  being  made  by  an  insulated  copper  wire  riveted 
to  it.  A  zinc  plate  was  suspended  from  the  top,  and  the 
cell  was  filled  up  with  a  solution  of  caustic  potash,  KHO, 
or  caustic  soda,  NaHO,  covered  with  a  thin  layer  of 
heavy  petroleum  oil  to  prevent  the  alkali  being  converted 
into  a  carbonate  by  contact  with  the, air.  A  single  fRiid 
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being  used,  no  porous  pot  was  necessary ;  therefore  the 
resistance  could  be  low,  and  hence  such  a  copper  oxide 
cell  could  furnish  more  energy  than  any  other  cell  of  the 
same  weight. 

The  "  Lalande-Chaperon  "  cell  had,  however,  several 
defects.  The  outside  of  the  iron  cup  was  not  protected 
by  the  copper  oxide  from  being 
polarised  by  the  hydrogen  liber- 
ated from  the  solution,  and  the 
reduced  copper  did  not  make  good 
contact  with  the  iron  cup.  Hence 
Edison  abandoned  the  iron  alto- 
gether, and  compressed  finely- 
ground  copper  oxide  powder  into 
solid  blocks,  from  which  plates 
are  cut.  Such  a  plate  is  suspended 
from  the  top  of  an  "Edison- 
Lalande "  cell  m  a  ligh  t  copper 
framework,  which  also  forms  the 
positive  electrode,  and  on  each 
side  of  this  plate  there  is  fastened 
(Fig.  209)  a  plate  of  rolled  zinc 
well  amalgamated  and  shaped  so 
as  to  taper  down  from  the  top, 
where  it  is  thickest.  This  tapering 
is  to  compensate  for  the  unequal 

eating  away  of  the  zinc,  arising  probably  from  local 
action  set  up  by  slight  differences  in  the  composition  of 
the  liquid  at  the  different  horizontal  levels.  The  solution 
is  formed  by  dissolving  lib.  of  caustic  potash  in  3Jbs. 
of  water,  a  layer  fths  of  an  inch  thick  of  heavy  paraffin 
oil  being  floated  on  the  top. 

The  chemical  action  may  be  represented  thus  : — 

Before  sending  a  current 

>fc(CuO)  +  J(KHO)  -H«(Zn), 
After  sending  a  current 


Fig.  209. — Edison -Lalande 
Cell. 
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metallic  copper  being  liberated,  copper  oxide  and  caustic 
potash  being  used  up,  while  water  and  a  double  salt  of 
potassium  and  zinc  are  formed. 

The  E.M.F.  of  the  Edison- Lalande  cell  is  low,  being 
only  about  075  volt ;  but  its  resistance  is  also  low,  that 
of  a  cell  11  \  inches  high  and  5|  inches  in  diameter 
being  about  0'025  ohm.  Such  a  cell  can  send  14  amperes 
with  not  much  polarisation  for  about  twenty  hours 
before  the  supply,  of  material  is  exhausted,  while  on  open 
circuit  there  is  practically  no  local  action  ;  so  that  the  cell 
can  be  left  unused  for  a  length  of  time  without  waste. 

A  test  made  on  four  such  cells  joined  in  series  with 
an  external  resistance  of  O8  ohm  placed  in  the  circuit, 
gave  the  following  results.  The  P.D.  between  the 
battery  terminals  commenced  at  about  2  volts,  rose  to 
about  2 -3  volts  in  44  hours,  and  then  gradually  fell  to 
about  1-6  volt  at  the  end  of  108  hours,  while  the  current 
commenced  at  about  2 '5  amperes,  rose  to  about  2 '9 
amperes  in  48  hours,  and  then  gradually  fell  to  about 
1*8  ampere  at  the  end  of  the  108  hours,  when  the  test 
was  stopped. 

The  increase  in  the  current  up  to  the  middle  of  the 
run  was  mainly  due  to  the  diminution  in  the  resistance 
of  the  battery,  for  this  resistance  commenced  at  about 
0'54  ohm,  fell  quickly  for  20  hours,  then  more  slowly 
until  it  finally  reached  a  value  of  about  0'17  ohm  in  44 
hours.  The  battery  resistance  then  rose  very  slowly  for 
84  hours,  after  which  it  increased  rapidly  to  about  0*55 
ohm  at  the  end  of  the  test  at  108  hours.  If,  however,  the 
only  cause  for  the  change  in  the  current  had  been  the 
variation  in  the  internal  resistance  of  the  battery,  the 
current  and  the  P.D.  would  have  reached  their  maxima 
simultaneously  ;  hence  the  current  reaching  its  maximum 
somewhat  later  than  the  P.D.  showed  that  a  small 
diminution  in  the  external  resistance  also  occurred  as 
the  current  rose,  possibly  because  part  of  the  external 
resistance  was  made  of  carbon,  and  this  diminished  in 
resistance  a/s  it  was  more  heated  by  the  larger  current. 
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The  total  quantity  of  zinc  actually  consumed  was  1,450 
grammes,  which  is  almost  exactly  the  amount  that  ought 
to  have  been  consumed,  for  the  mean  value  of  the  current 
was  2 '7  6  amperes,  the  duration  of  the  test  108  hours,  and 
we  know  that  about  0-000338  gramme  of  zinc  is  deposited 
per  second  per  ampere  in  a  single  electrolytic  cell.  Hence 
the  amount  of  zinc  that  ought  to  have  been  consumed  was 

276  x  108  x  3,600  x  0-000338  x  4,  or  1,450  grammes. 

Consequently,  although  the  exact  agreement  between 
the  number  obtained  by  experiment  and  calculation 
must  be  regarded  as  accidental,  this  agreement  shows 
that  practically  no  zinc  was  wasted  by  local  action. 

From  the  equation  given  above,  which  represents  the 
chemical  action  which  takes  place  in  an  Edison-Lalande 
cell,  it  follows  that  a  consumption  of  1,450  grammes,  or 
3'1961bs.,  of  zinc  corresponds  with  a  consumption  of 
about  3-88  Ibs.  of  copper  oxide  and  of  about  5'481bs.  of 
caustic  potash.  And  since  the  total  energy  given  by  the 
battery  to  the  external  circuit  was  about  658  watt  hours, 
it  follows  that  when  an  Edison-Lalande  battery  gives  a 
Board  of  Trade  unit  to  an  external  resistance  having 
about  five  times  the  resistance  of  the  battery,  there  must 
be  consumed  about  4*86  Ibs.  of  zinc,  about  5'901bs.  of 
copper  oxide,  and  about  8 '33  Ibs.  of  caustic  potash. 
Hence,  taking  zinc  at  only  £16  per  ton,  copper  oxide  at 
only  6d.  per  lb.,  and  caustic  potash  at  only  30s.  per  cwt., 
the  materials  used  up  in  generating  a  Board  of  Trade 
unit  with  an  Edison-Lalande  battery  would  cost  about 
8|d.  for  zinc,  about  2s.  ll|d.  for  copper  oxide,  and  about 
2s.  3d.  for  caustic  potash,  or  about  6s.  altogether  if  we 
neglect  the  value  of  the  copper  produced  and  of  the 
solution  of  caustic  potash  with  the  double  salt  of 
potassium  and  zinc  dissolved  in  it.  (See  also  pp.  485,  487.) 

It,  therefore,  costs  more  to  develop  a  Board  of  Trade 
unit  with  an  Edison-Lalande  cell  than  with  any  of  the 
other  cells  we  have  been  previously  considering.  For 
further  information  on  this  subject,  see  §  148,  page  482. 
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145.  Clark's  Cell.— This  cell,  devised  in  1872  by 
Mr.  Latimer  Clark,*  is  not  intended  for  producing  cur- 
rents, but  for  ihe  purpose  of  furnishing  a  very  accurate 
standard  of  E.M.F.  The  type  of  "  Clark's"  cell  which 
was  described  in  the  earlier  editions  of  this  book  is  that 
known  as  Lord  llayleigh's  H  form,  shown  in  Fig.  210. 
According  to  Lord  Rayleigh,f  it  is  constructed  as 

follows  : — One  of  the  legs 
is  partially  filled  with  an 
amalgam  of  zinc,  A,  formed 
by  putting  some  pure  zinc 
into  pure  mercury  which 
has  been  previously  dis- 
tilled in  a  vacuum;  the 
other  with  pure  mercury, 
M,  which  has  been  similarly 
distilled,  covered  with  a 
layer  of  "  mercurous  sul- 
phate" MS.  The  whole  is 
then  filled  up  above  the 
level  of  the  cross  tube 
with  pure  saturated  zinc 
sulphate,  z,  and  a  few 

Fig.  210.— Clark's  Cell,  Lord  Rayleigh's     Crystals     of     zinc     Sulphate 
Hform.    About  one-half  of  full  size.      are  added<       Evaporation  is 

prevented  by  the  insertion 

of  paraffined  corks,  c,  and  electrical  contact  is  made  with 
the  amalgam  and  with  the  pure  mercury  by  platinum 
wires,  w,  w,  sealed  into  the  glass.  Marine  glue  may 
be  employed  instead  of  paraffin  wax  to  make  the  corks  c 
air-tight,  or,  best  of  all,  the  upper  ends  of  the  tubes  may 
be  hermetically  sealed  (see  note,  page  42). 

During  the  last  few  years,  however,  a  large  amount 
of  experimental  work  has  been  carried  out  on  Clark 
cells  by  Professor  Carhart  and  Mr.  Weston  in  America, 
by  Dr.  Kahle  in  Germany,  and  by  Mr.  Glazebrook,  Dr. 

*  "Proc.  Roy.  Soc.,"  vol.  xx.,  page  444. 

t  "Phil.  Trans.,  Roy.  Soc.,"  vol.  xvii.;  p.  411.  Part  II.,  1884/ 
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Muirhead,  and  Mr.  Skinner  in  England,  to  find  out  which 
was  the  best  way  to  construct  a  Clark's  cell,  and  to 
ascertain  the  exact  causes  why  Clark  cells  made  by 
different  people  in  apparently  the  same  way  had  occa- 
sionally somewhat  different  E.M.Fs.  The  Committee 
which  was  appointed  in  1890  to  advise  the  Board  of 
Trade  on  Electrical  Standards  has  aimed  at  drawing  up 
a  specification  for  the  construction  of  a  Clark's  cell  which 
should  be  sufficiently  explicit  and  complete  that  any 
person,  with  a  fair  amount  of  chemical  knowledge,  con- 
structing cells  in  exact  accordance  with  this  specification 
might  feel  sure  that  the  E.M.F.  of  no  one  of  them  at  15°C. 
differed  from  1-434  volt  by  more  than  0- 001  volt — that 
is,  by  more  than  about  y^-th  per  cent.  After  much  de- 
liberation they  drew  up  their  first  specification  in  1891, 
and  various  people  were  asked  to  try  to  construct  Clark 
cells  in  accordance  with  this  specification,  and  to  forward 
them  to  the  Board  of  Trade  Electrical  Standardising 
Laboratory  in  Westminster  to  be  tested.  The  result  was 
not  very  satisfactory,  so  a  second  specification  was  issued, 
such  moditi  cations  being  introduced  into  it  as  were 
suggested  by  the  faults  which  existed  in.  the  various 
batches  of  cells  constructed  in  accordance  with  the  first 
specification.  From  1891  to  1894  five  such  specifica- 
tions were  circulated,  and  the  last  one,  which  forms  part 
of  the  Order  in  Council  signed  by  the  Queen  on  August 
23rd,  1894,  is  as  follows  :— 

"  SPECIFICATION    B. 

"  ON  TVTE  PREPARATION  OF  THE  CLARK  CELL. 

"  Definition  of  the  Cell. 

"  The  cell  consists  of  zinc,  or  an  amalgam  of  zinc  with  mercury, 
and  of  mercury  in  a  neutral  saturated  solution  of  zinc  sulphate  and 
mercurous  sulphate  in  water,  prepared  with  mercurous  sulphate  in 
excess.  ' 

" Preparation  of 'the  Materials. 

"  1.  The  Mercury. — To  secure  purity  it  should  be  first  treated 
with  acid  in  the,  usual  manner,  and  subsequently  distilled  in 
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"  2.  The  Zinc. — Take  a  portion  of  a  rod  of  pure  redistilled  zinc, 
solder  to  one  end  a  piece  of  copper  wire,  clean  the  whole  with  glass- 
paper  or  a  steel  burnisher,  carefully  removing  any  loose  pieces  of 
the  zinc.  Just  before  making  up  the  cell  dip  the  zinc  into  dilute 
sulphuric  acid,  wash  with  distilled  water,  and  dry  with  a  clean 
cloth  or  filter  paper. 

"  3.  The  Mercurous  Sulphate. — Take  mercurous  sulphate,  pur- 
chased as  pure,  mix  with  it  a  small  quantity  of  pure  mercury,  and 
wash  the  whole  thoroughly  with  cold  distilled  water  by  agitation 
in  a  bottle;  drain  off  the  water,  and  repeat  the  process  at  least 
twice.  After  the  last  washing,  drain  off  as  much  of  the  water  as 


"  4.  The  Zinc  Sulphate  Solution. — Prepare  a  neutral  saturated 
solution  of  pure  ('  pure  re- crystallised ')  zinc  sulphate  by  mixing  in 
a  flask  distilled  water  with  nearly  twice  its  weight  of  crystals  of 
pure  zinc  sulphate,  and  adding  zinc  oxide  in  the  proportion  of 
about  2  per  cent,  by  weight  of  the  zinc  sulphate  crystals  to  neutralise 
any  free  acid.  The  crystals  should  be  dissolved  with  the  aid  of 
gentle  heat,  but  the  temperature  to  which  the  solution  is  raised 
should  not  exceed  30°C.  Mercurous  sulphate  treated  as  described 
in  3  should  be  added  in  the  proportion  of  about  12  per  cent,  by 
weight  of  the  zinc  sulphate  crystals  to  neutralise  any  free  zinc 
oxide  remaining,  and  the  solution  filtered,  while  still  warm,  into  a 
stock  bottle.  Crystals  should  form  as  it  cools. 

"  5.  The  Mercurous  Sulphate  and  Zinc  Sulphate  Paste. — Mix  the 
washed  mercurous  sulphate  with  the  zinc  sulphate  solution,  adding 
sufficient  crystals  of  zinc  sulphate  from  the  stock  bottle  to  ensure 
saturation,  and  a  small  quantity  of  pure  mercury.  Shake  these  up 
well  together  to  form  a  paste  of  the  consistence  of  cream.  Heat 
the  paste,  but  not  above  a  temperature  of  30°C.  Keep  the  paste 
for  an  hour  at  this  temperature,  agitating  it  from  time  to  time, 
then  allow  it  to  cool ;  continue  to  shake  it  occasionally  while  it  is 
cooling.  Crystals  of  zinc  sulphate  should  then  be  distinctly 
visible,  and  should  be  distributed  throughout  the  mass ;  if  this  is 
not  the  case  add  more  crystals  from  the  stock  bottle,  and  repeat 
the  whole  process. 

"  This  method  ensures  the  formation  of  a  saturated  solution  of 
zinc  and  mercurous  sulphates  in  water. 

"  To  set  tip  the  Cell. 

(t  The  cell  may  conveniently  be  set  up  in  a  small  test-tube  of 
about  2  centimetres'  diameter,  and  4  or  5  centimetres  deep.  Place 
the  mercury  in  the  bottom  of  this  tube,  filling  it  to  a  depth  of,  say, 
'5  centimetre.  Cut  a  cork  about  '5  centimetre  thick  to  fit  the 
tube ;  at  one  side  of  the  cork  bore  a  hole  through  which  the  zinc 
rod  can  pass  tightly ;  at  the  other  side  bore  another  hole  for  the 
glass  tube  which  covers  the  platinum  wire ;  at  the  edge  of  the  cork 
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cut  a  nick  through,  which  the  air  can  pass  when  the  cork  is  pushed 
into  the  tube.  Wash  the  cork  thoroughly  with  warm  water,  and 
leave  it  to  soak  in  water  for  some  hours  before  use.  Pass  the  zinc 
rod  about  1  centimetre  through  the  cork. 

"  Contact  is  made  with  the  mercury  by  means  of  a  platinum 
wire  about  No.  22  gauge.  This  is  protected  from  contact  with  the 
other  materials  of  the  cell  by  being  sealed  into  a  glass  tube.  The 
ends  of  the  wire  project  from  the  ends  of  the  tube ;  one  end  forms 
the  terminal,  the  other  end  and  a  portion  of  the  glass  tube  dip  into 
the  mercury. 

"  Clean  the  glass  tube  and  platinum  wire  carefully,  then  heat 
the  exposed  end  of  the  platinum  red  hot,  and  insert  it  in  the 
mercury  in  the  test-tube,  taking  care  that  the  whole  of  the  exposed 
platinum  is  covered. 

"  Shake  up  the  paste  and  introduce  it  without  contact  with  the 
upper  part  of  the  walls  of  the  test-tube,  filling  the  tube  above  the 
mercury  to  a  depth  of  rather  more  than  1  centimetre. 

"  Then  insert  the  cork  and  zinc  rod,  passing  the  glass  tube 
through  the  hole  prepared  for  it.  Push  the  cork  gently  down 
until  its  lower  surface  is  nearly  in  contact  with  the  liquid.  The 
air  will  thus  be  nearly  all  expelled,  and  the  cell  should  be  left  in 
this  condition  for  at  least  twenty-four  hours  before  sealing1,  which 
should  be  done  as  follows  : — 

"  Melt  some  marine  glue  until  it  is  fluid  enough  to  pour  by  its 
own  weight,  and  pour  it  into  the  test-tube  above  the  cork,  using 
sufficient  to  cover  completely  the  zinc  and  soldering.  The  glass 
tube  containing  the  platinum  wire  should  project  some  way  above 
the  top  of  the  marine  glue. 

"  The  cell  may  be  sealed  in  a  more  permanent  manner  by 
coating  the  marine  glue,  when  it  is  set,  with  a  solution  of  sodium 
silicate,  and  leaving  it  to  harden. 

"  The  cell  thus  set  up  may  be  mounted  in  any  desirable 
manner.  It  is  convenient  to  arrange  the  mounting  so  that  the  cell 
may  be  immersed  in  a  water  bath  up  to  the  level  of,  say,  the  upper 
surface  of  the  cork.  Its  temperature  can  then  be  determined  more 
accurately  than  is  possible  when  the  cell  is  in  air. 

"  In  using  the  cell  sudden  variations  of  temperature  should  as 
far  as  possible  be  avoided. 

"  The  form  of  the  vessel  containing  the  cell  may  be  varied.  In 
the  H  form,  the  zinc  is  replaced  by  an  amalgam  of  10  parts  by 
weight  of  zinc  to  90  of  mercury.  The  other  materials  should  be 
prepared  as  already  described.  Contact  is  made  with  the  amalgam 
in  one  leg  of  the  cell,  and  with  the  mercury  in  the  other,  by  means 
of  platinum  wires  sealed  through  the  glass." 

A  Clark's  cell  constructed  in  accordance  with  the 
preceding  specification  is  shown  full  size  in  Fig.  211,  the 
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various  materials  employed  and  the  space  occupied  by 
each  of  them  being  clearly  indicated. 


solutton. 

crystals. 


Mercu?-ous  sulphate. 


.1 
'\pastt 


Fig.  211.— Clark's  Cell,  Board  of  Trade  form  (full  size). 


The  following  notes  have  been  prepared  by  Mr  Glaze- 
brook  to  explain  the  object  of  each  of  the  various  steps 
which  it  is  stated  in  the  preceding  "  Specification  B," 
should  be  followed  in  the  construction  of  a  Clark's  cell, 
in  order  that  it  may  have  an  E.M.F.  of  1-434  volt  at 
15°C. 

"  NOTES  TO  THE  SPECIFICATION  ON'  THE  PREPARATION  OF  THE 
CLARK  CELL. 

"  The  Mercurous  Sulphate. — The  treatment  of  the  mercurous 
sulphate  has  for  its  object  the  removal  of  any  mercuric  sulphate 
which  is  often  present  as  an  impurity. 
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"  Mercuric  sulphate  decomposes  in  the  presence  of  water  into 
an  acid  and  a  basic  sulphate.  The  latter  is  a  yellow  substance — 
turpeth  mineral — practically  insoluble  in  water  ;  its  presence,  at 
any  rate,  in  moderate  quantities  has  no  effect  on  the  cell.  If,  how- 
ever, it  is  formed,  the  acid  sulphate  is  formed  also.  This  is  soluble 
in  water,  and  the  acid  produced  affects  the  electromotive  force. 
The  object  of  the  washings  is  to  dissolve  and  remove  this  acid 
sulphate,  and  for  this  purpose  the  three  washings  described  in  the 
Specification  will  in  nearly  all  cases  suffice.  If,  however,  a  great 
deal  of  the  turpeth  mineral  is  formed,  it  shows  that  there  is  a  great 
deal  of  the  acid  sulphate  present,  and  it  will  then  be  wiser  to  obtain 
a  fresh  sample  of  mercurous  sulphate  rather  than  to  try  by  repeated 
washings  to  get  rid  of  all  the  acid. 

"  The  free  mercury  helps  in  the  process  of  removing  the  acid, 
for  the  acid  mercuric  sulphate  attacks  it,  forming  mercurous 
sulphate  and  acid  which  is  washed  away. 

"  Pure  mercurous  sulphate,  when  quite  free  from  acid,  shows, 
on  repeated  washing,  a  faint  primrose  tinge  which  is  due  to  the 
formation  of  a  basic  mercurous  salt,  and  is  distinct  from  the 
turpeth  mineral  or  basic  mercuric  sulphate.  The  appearance  of 
this  primrose  tint  may  be  taken  as  an  indication  of  the, fact  that 
all  the  acid  has  been  removed,  and  the  washing  may,  with  ad- 
vantage, be  continued  until  this  primrose  tint  appears*  Should 
large  quantities  of  this  basic  mercurous  salt  be  formed,  the  sulphate 
should  be  treated  as  described  in  the  instructions  for  setting  up 
Clark's  cells  issued  from  the  Physical  Technical  Institute  of  Berlin, 
Zeitschrift  f&r  Instmmentenkttiide,  1893,  Heft  5. 

"  The  Zinc  Sulphate  Solution.— The  object  to  be  attained  is  the 
preparation  of  a  neutral  solution  of  pure  zinc  sulphate  saturated 
with  ZnS04.7H20. 

"  At  temperatures  above  30°C.  the  zinc  sulphate  may  crystal- 
lise out  in  another  form  ;  to  avoid  this,  3Q°C.  should  be  the  upper 
limit  of  temperature.  At  this  temperature  water  will  dissolve 
about  1-.9  times  its  weight  of  the  crystals.  If  any  of -the  crystals 
put  in  remain  undissolved  they  will  be  removed  by  the  filtration. 

"  The  zinc  sulphate  should  be  free  from  iron,  and  should  be 
tested  before  use  with  sulphocyanide  of  potassium  to  ascertain  that 
this  condition  is  satisfied.  If  an  appreciable  amount  of  iron  is 
present,  it  should  be  removed  by  the  method  given  in  tli£  directions 
already  quoted,  Zeitschrift  fur  ImtrumentenJcunde,  1893,  Heft  5. 

"  The  amount  of  zinc  oxide  required  depends -on  the  acidity  of 
the  solution,  but  2  per  cent,  will,  in  all  cases  which  will  arise  in 
practice  with  reasonably  good  zinc  sulphate,  be  ample.  Another 
rule  would  be  to  add  the  zinc  oxide  gradually  until  the  solution 
become  slightly  milky.  The  solution,  when  put  into  the  cell, 
should  not  contain  any  free  zinc  oxide;  if  it  does,  then,  when 
mixed  with  the  mercurous  sulphate,  zinc  sulphate  and  mercurous 
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oxide  are  formed;  the  latter  may  be  deposited  on  the  zinc  and 
affect  the  electromotive  force  of  the  cell.  The  difficulty  is  avoided 
by  adding  as  described  about  12  per  cent,  of  mercurous  sulphate 
before  nitration  ;  this  is  more  than  sufficient  to  combine  with  the 
whole  of  the  zinc  oxide  originally  put  in,  if  it  all  remains  free ; 
the  mercurous  oxide  formed,  together  with  any  undissolved  mer- 
curous sulphate,  is  removed  by  the  filtration. 

"  The  Mercurous  Sulphate  and  Zinc  Sulphate  Paste. — Although, 
after  the  last  washing  of  the  mercurous  sulphate,  as  much  water 
as  possible  may  have  been  drained  off,  sufficient  water  generally 
remains  to  necessitate  the  addition  of  a  very  considerable  quantity 
of  crystals  of  zinc  sulphate  from  the  stock  bottle,  in  order  to  ensure 
saturation  when  the  washed  mercurous  sulphate  is  added  to  the 
zinc  sulphate  solution  as  described  in  No.  4  of  Specification  B 
appended  to  the  Order  in  Council. 

' '  If  the  sides  of  the  test-tube  above  the  cork  be  soiled  by  the 
introduction  of  the  paste,  the  marine  glue  does  not  adhere  to  the 
glass  ;  the  liquid  in  the  cell  rises  by  capillary  action  between  the 
glue  and  the  glass,  and  may  damage  the  cell. 

"  The  form  of  the  vessel  containing  the  cell  may  be  varied. 
In  the  H  form  devised  by  Lord  Rayleigh  and  modified  by  Dr. 
Kahle  the  zinc  is  replaced  by  an  amalgam  of  zinc  and  mercury. 
The  other  materials  should  be  prepared  as  already  described. 
Contact  is  made  with  the  amalgam  in  one  leg  of  the  cell,  and  with 
the  mercury  in  the  other,  by  means  of  platinum  wires  sealed 
through  the  glass. 

"  The  amalgam  consists  of  about  90  parts  of  pure  mercury 
mixed  with  10  parts  of  pure  redistilled  zinc.  These  are  heated  in 
a  porcelain  crucible  to  about  100°C.,  and  gently  stirred  until  the 
zinc  is  completely  dissolved  in  the  mercury.  The  amalgam  is 
liquid  while  warm,  and  must  be  poured  into  the  cell  before  it 
becomes  solid  on  cooling. 

"The  vessel  containing  the  element  consists  of  two  vertica 
tubes.  These,  as  shown  in  the  figure  [212],  are  closed  below,  and 
open  above  into  a  common  neck,  which  can  be  closed  by  a  ground 
stopper  of  glass.  The  two  tubes  should  be  2  cm.  in  diameter  and 
3  cm.  in  length.  The  neck  should  be  at  least  T5  cm.  in  diameter 
and  2  cm.  long.  A  short  length  of  platinum  wire  is  sealed  through 
the  bottom  of  each  tube. 

"  The  end  of  the  wire  in  one  tube  is  covered  by  a  small  quantity 
of  pure  mercury ;  that  in  the  other  tube,  by  the  zinc-mercury 
amalgam. 

"  Above  the  mercury  a  layer  about  1  cm.  thick  of  the  mercurous 
sulphate  paste  is  placed,;  above  this,  and  also  above  the  amalgam, 
a  layer,  also  about  1  cm.  in  thickness,  of  zinc  sulphate  crystals, 
and  the  vessel  is  filled  up  with  the  saturated  zinc  sulphate  solution. 

"  The  zinc  sulphate  crystals  are  obtained  by  evaporating  at  a 
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temperature  of  less  than  30CC.  some  of  the  zinc  sulphate  solution, 
prepared  as  in  4  of  the  Specification. 

"  The  stopper  is  then  inserted,  leaving  a  small  air-bubble  above 


Fig.  212.— Kahle's  Modification  of  the  Raylcigh  H  form  of  Clark  Cell  (full  size). 

ZS.s,  zinc  sulphate  solution  ;  ZS.c,  zinc  sulpbate  crystals  ;  JtfZ.«S,mercnrous  sulphate 

and  zinc  sulphate  paste :  M,  mercury  ;  A.  amalgam  of  zinc  and  mercury. 

the  liquid,   and  sealed  on  the  outside  with   shellac  dissolved  in 
alcohol. 

"  The  ends  of  the  platinum  wires  outside  the  cell  form  the  two 
poles,  and  should  be  connected  to  suitable  terminals." 
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The  Americans  and  the  Germans  prefer  the  type  of 
Clark  cell  shown  in  Fig.  212,  partly  because  this  form 
avoids  a  possible  slight  variation  in  the  E.M.F.,  arising 
from  the  zinc  rod  in  the  sample- tube  form  (Fig.  211) 
being  in  contact  with  liquid  at  different  depths,  and, 


Fig.  212a.— Cooper's  Modification  of  the  Kalrle  H  form  of  Clark  cell  (full  size). 

therefore,  of  different  densities.  Whereas,  on  the  other 
hand,  the  greater  ease  with  which  the  latter  type  can  be 
immersed  in  a  water-bath  for  ascertaining  its  temperature 
led  the  Board  of  Trade  to  give  greater  prominence  in 
the  Order  in  Council  to  this  sample-tube  form  illustrated 
in  Fig.  211. 

By  the  addition,  however,  of  two  small  glass  tubes, 
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t,  t'  (Fig.  21 2a),  sealed  on  to  the  main  tubes  to  contain 
and  insulate  the  platinum  leading-in-wires,  in  accordance 
with  the  plan  proposed  by  Mr.  W.  R.  Cooper,  the  H  type 
form  of  Clark's  cell  can  be  adapted  for  insertion  in  a 
water-bath.  Considerable  care,  however,  must  be  taken 
in  annealing  the  joints  between  the  small  tubes  and  the 
main  ones,  otherwise  a  crack  is  very  likely  to  occur  at 
these  places. 

146.  Temperature  Variation  of  the  E.M.F.  of  the 
Clark  Cell. — Although  the  E.M.F.  of  a  Clark  cell  made 
in  accordance  with  the  Board  of  Trade  Specification  will 
not,  as  a  rule,  differ  by  more  than  O'OOl  volt  from  1*434 
volt  if  the  cell  be  maintained  for  some  time  at  a  constant 
temperature  of  15°C.,  this  value  of  the  E.M.F.  will  be 
considerably  changed  by  raising  or  lowering  the  tempera- 
ture of  the  cell  through  several  degrees.  By  observing 
cells  at  different  temperatures,  which  were  maintained 
constant  for  two  or  three  hours  at  each  temperature 
before  the  observations  were  taken,  Lord  Rayleigh  found 
that  the  E.M.F.  was  diminished  by  about  O077  per  cent, 
per  1°C.  rise  of  temperature,  and  this  result  has  been 
generally  confirmed  by  other  observers.  In  reality,  the 
relation  is  not  a  simple  linear  one,  as  it  involves  a  term 
depending  on  the  square  of  the  temperature.  But,  for 
all  practical  purposes,  we  may  accept  the  above  per- 
centage variation  of  the  E.M.F.,  which,  however,  is  more 
conveniently  expressed  by  saying  that  the  E.M.F.  of  a 
Clark  cell  falls  by  O'OOll  volt  for  each  degree  rise  of 
temperature  above  15°C. 

There  are,  however,  one  or  two  modifying  causes 
that  must  be  taken  into  account.  For  example,  after 
a  cell  has  been  set  up  the  mercurous  sulphate  settles 
down,  leaving  a  layer  of  clear  solution  above  it ;  now, 
if  the  zinc  rod  dips  into  this  solution  only,  and  not  into 
the  paste,  it  is  found  that  the  temperature  coefficient  is 
only  about  one-half  the  value  given  above.  Again,  if 
the  zinc  sulphate  is  not  saturated  at  the  temperature  at 
which  the  cell  is  used,  the  temperature  coefficient  is  also 
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diminished  to  about  half  the  normal  value,  while  the 
E.M.F.  is  always  higher  than  that  of  a  Clark  cell  con- 
taining a  saturated  solution  of  zinc  sulphate  at  the  same 
temperature. 

As  mentioned  in  the  specification  of  the  Board  of 
Trade,  rapid  variations  of  temperature  of  a  Clark  cell 
should  always  be  avoided.  For  it  takes  some  time  for 
the  new  temperature  to  be  reached  at  all  parts  of  the 
cell.  Further,  even  if  the  cell  has  acquired  the  new 
temperature  throughout,  the  variation  in  the  amount  of 
salt  dissolved,  which  accompanies  change  of  temperature, 
is  effected  slowly.  Hence,  while  the  E.M.F.  of  a  Clark 
cell  follows  fairly  quickly  any  variation  that  is  made  in 
the  temperature,  there  is  a  certain  amount  of  lag,  and 
small  changes  in  the  E.M.F.  may  continue  for  a  long 
time  after  the  temperature  has  become  steady.  A  large 
number  of  experiments'*  on  the  lag  of  the  variation  in 
the  E.M.F.  of  a  Clark  cell  behind  the  change  in  tempera- 
ture have  been  carried  out  at  the  Central  Technical 
College,  under  the  superintendence  of  Mr.  W.  K.  Cooper, 
and  he  finds  that  if  a  Clark  cell  of  the  dimensions 
illustrated  in  Fig.  211  be  stood  in.  water  of  constant 
temperature  for  half  an  hour  before  use,  its  E.M.F.  will 
not  differ  by  as  much  as  O'l  per  cent,  from  its  normal 
value  for  the  particular  temperature  of  the  bath,  even 
if  the  temperature  of  the  cell  differed  previously  from 
that  of  the  water  by  3°  or  4°C.  Changes  in  the  E.M.F. 
will,  no  doubt,  go  on  for  a  much  longer  time  than  half 
an  hour,  but  they  will  be  less  than  O'l  per  cent,  of  the 
E.M.F. 

It  sometimes  happens  that  variations  of  temperature 
amounting  to  1°C.  or  more  take  place  during  experi- 
mental work  •  in  such  a  case  Mr.  Cooper's  results  show 
that  the  fall  in  the  E.M.F.  per  1°C.  rise  of  temperature 
is  not  as  great  as  OOOll  volt,  but  instead,  in  consequence 

*  "  Variations  in  the  Electromotive  Force  of  Clark's  Cell  witli 
Temperature,"  W.  E.  Ayrton  and  W.  R.  Cooper.  "  Proc.  Roy. 
Soc.,"  vol.  59,  page  368,  1896. 
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of  the  variation  of  the  E.M.F.  lagging  behind  the  change 
in  temperature,  the  fall  in  the  E.M.F.  per  1°C.  is  more 
nearly  represented  by  O001  volt. 

If  the  terminals  of  a  Clark's  cell  be  joined  by  too 
small  a  resistance — that  is,  if  the  cell  is  allowed  to  send 
too  large  a  current — a  diminution  in  the  E.M.F.  is  pro- 
duced by  polarisation,  which  lasts  for  some  time  after 
the  current  has  been  stopped.  Mr.  Cooper,  however, 
has  found  that  if  the  Board  of  Trade  form  of  Clark's 
cell  (Fig.  211)  be  used  to  send  a  current  through  a 
resistance  of  2,000  ohms  for  5  minutes,  the  E.M.F.  re- 
gains its  normal  value  to  within  0*0002  volt  one  hour 
after  the  circuit  has  been  broken. 

Numerous  other  types  of  primary  cells  might  be 
described,  such  as  the  Marie-Davy  mercuric  sulphate 
cell,  the  De  la  Rue  silver  chloride  cell,  &c.,  but  such 
cells,  after  having  been  tried  for  several  years,  have  been 
gradually  abandoned  as  unsuitable  for  practical  use. 

147.  Calculation  of  the  E.M.F.  of  a  Cell  from  the 
Energy  Liberated  by  the  Chemical  Action. — In  every 
cell  through  which  a  current  is  passing  certain  chemical 
changes  are  taking  place ;  some  of  these  changes,  if  they 
occurred  outside  the  cell,  would  produce  heat,  while  the 
others  would  produce  cold.  If,  then,  during  the  flow  of 
the  current  the  cell  is  simply  warmed  because  it  is  a 
circuit  possessing  resistance,  and  is  neither  warmed  nor 
cooled  on  account  of  the  chemical  changes  that  are 
taking  place,  the  energy  developed  per  second  by  the 
sum  of  these  chemical  changes  must  be  equal  to  the  rate 
at  which  the  cell  develops  electric  energy,  and  this,  we 
have  seen  in  Chapter  Y.  (page  361),  is  equal  in  watts  to 
the  product  of  E,  the  electromotive  force  of  the  cell  in 
volts,  into  A,  the  current  passing  in  amperes. 

Now,  we  know  what  are  the  chemical  changes  that 
occur  in  the  ordinary  galvanic  cells  ;  we  also  know  what 
approximately  are  the  amounts  of  the  changes  that  are 
produced  in  an  electrolytic  cell  per  second  per  ampere 
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(see  §  6,  page  27).  Further,  the  work  of  Thomsen  and 
Berthelot  enables  us  to  form  an  idea  of  the  heats  of 
formation  of  the  chemical  products  in  question;  therefore, 
we  can  calculate  the  power  in  watts  which  any  particular 
cell  must  develop  when  a  current  of  1  ampere  is  flow- 
ing through  it,  and  what  must  be  its  E.M.F.  in  volts. 

For  example,  the  chemical  action  in  a  Daniell's  cell 
is  simply  a  conversion  of  copper  sulphate  into  zinc 
sulphate,  the  former  being  used  up  and  the  latter  formed  ; 
and  in  §  6,  page  27,  we  saw  that  when  a  current  of  1 
ampere  passed  through  a  solution  of  copper  sulphate 
about  0'  0003286  gramme  of  copper  was  deposited  per 
second,  also  that  when  it  passed  through  a  solution  of 
zinc  sulphate  about  0'  000338  6  gramme  of  zinc  was 
deposited.  If,  therefore,  a  Daniell's  cell  be  neither 
heated  nor  cooled  by  the  chemical  actions  taking  place, 
apart  from  the  heating  caused  by  the  flow  of  the  current, 
the  electric  energy  developed  by  the  cell  per  second  per 
ampere  must  be  the  equivalent  of  the  difference  between 
the  heat  produced  when  0'0003386  gramme  of  zinc  is 
combined  with  sulphur  and  oxygen  to  form  zinc  sulphate 
and  the  heat  absorbed  when  0*0003286  gramme  of 
copper  is  liberated  by  the  separation  of  copper,  sulphur, 
and  oxygen  composing  copper  sulphate. 

Now,  the  combination  of  65-38  grammes  of  zinc  with 
sulphur  and  oxygen  to  form  zinc  sulphate  produces 
158,990  calories,  according  to  Thomsen,  and  242,000, 
according  to  Berthelot  —  let  us  say  200,000  as  a  rough 
mean;  and  the  liberation  of  63-44  grammes  of  copper 
by  the  separation  of  copper  from  sulphur  and  oxygen 
absorbs  111,490  calories,  according  to  Thomsen,  and 
191,400  calories,  according  to  Berthelot  —  let  us  take 
150,000  as  an  approximate  mean.  Therefore,  on  the 
hypothesis  stated  above,  the  chemical  energy  that  is 
converted  per  second  per  ampere  into  electric  energy  in 
a  Daniell's  cell  equals  roughly 


°-°003386  x  200,000  _  x  150)000  calories. 

65-38  6o'44 
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0-0003386        ,  0-0003286 

The  expressions    —  -^-^  —  and  —  THTTT-    are  eac" 
65*38  63-44 

equal  to  half  the  weight  of  hydrogen  gas  liberated  per 
second  per  ampere  (see  §  6,  page  27)  :  that  is,  to 
0-00001043  )  thereforej  con. 


elude  that  the  chemical  energy  converted  per  second  per 
ampere  into  electric  energy  in  a  Daniell's  cell  equals 
roughly 

x  50,000.  or  0-2607  calorie. 


Next,  it  follows,  from  the  equations  in  §  107,  page 

318,  that  one  calorie  is  generated  by  a  power  of  _  —  __ 

0"2ooo 

watt  exerted  for  one  second.  Hence,  when  1  ampere 
is  flowing  through  a  Daniell's  cell,  the  power  developed 
in  the  cell  equals  roughly 


so  that  the  E.M.F.  of  this  cell  must  be  1-09  volt. 

The  preceding  method  of  calculating  the  E.M.F.  of 
a  cell  from  the  thermal  value  of  the  chemical  changes 
taking  place  in  it  was  first  used  in  1851  by  Lord  Kelvin 
to  ascertain  what  was  the  E.M.F.  of  a  Daniell's  cell  in 
terms  of  the  "absolute  electromagnetic  unit"  of  P.D.. 
108  of  which  were,  several  years  afterwards  —  viz.  in 
1862—  called  1  volt.*  At  the  present  time,  the  E.M.F. 
of  any  cell  could  be  at  once  determined  by  applying  a 
high-resistance  voltmeter  between  its  terminals  ;  but  in 
1851  there  were  no  voltmeters,  no  practical  standard  of 
E.M.F.  like  that  of  a  Clark's  cell,  no  ammeters,  no 
resistance  coils  graduated  in  ohms  —  in  fact,  there  were 
no  practical  standards  either  of  current  or  of  resistance. 

*  See  Appendix  III.,  page  575. 
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Hence,  the  result  which  Lord  Kelvin  arrived  at  for  the 
E.M.F.  of  a  Daniell's  cell  was  not  only  of  scientific  but 
also  of  practical  importance. 

The  number  50,000  in  the  preceding  expression 
represents  the  chemical  energy  in  calories  that  is  con- 
verted into  electric  energy  in  a  Daniell's  cell  when  a 
current  passes  for  a  sufficient  length  of  time  to  deposit 
63-44  grammes  of  copper  and  use  up  65-38  grammes 
of  zinc.  The  same  current,  passed  for  the  same  time 
through  a  sulphuric  acid  voltameter,  would  liberate 
2-0164  grammes  of  hydrogen  and  16  grammes  of  oxygen. 
We  may,  therefore,  say  that  the  E.M.F.  of  any  cell  is 

approximately  given  in  volts  by  multiplying  t ? 

2  x  0*2388 

that  is,  or  0-000022,  by  the  energy,  in  calories, 

that  is  set  free  in  the  cell  when  a  current  of  such  a 
strength  passes  through  it  for  such  a  time  that  if 
passed  through  a  sulphuric  acid  voltameter  it  would 
liberate  2*0164  grammes  of  hydrogen. 

If  an  electropositive  ion  in  the  cell  is  bivalent,  like 
copper,  this  evolution  of  2-0164  grammes  of  hydrogen 
corresponds  with  the  liberation  of  the  atomic  weight  of 
this  ion  in  grammes ;  whereas  if  it  be  univalent,  like 
sodium,  it  corresponds  with  the  liberation  of  twice  the 
atomic  weight  in  grammes. 

We  may  now  apply  this  rule  for  calculating  approxi- 
mately what  must  be  the  E.M.F.  of  a  Grove's  cell. 
Referring  to  §  136,  page  438,  we  see  that  when  one 
equivalent  of  zinc  sulphate,  ZnS04,  is  formed  in  the 
Grove's  cell  two  equivalents  of  water,  2(H3O),  and  two 
of  nitric  peroxide,  2(NO0),  are  also  formed,  while  one 
equivalent  of  sulphuric  acid,  H2SO4,  and  two  of  nitric 
acid,  2(HNO3),  are  used  up.  Zinc  being  bivalent,  we 
have  simply  to  substitute  the  atomic  weights  in  grammes 
throughout,  calculate  the  weights  of  the  substances  thus 
dealt  with,  and  ascertain  the  heats  of  formation  for  these 
particular  weights. 
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Now,  according  to  Thomsen,  the  heats  of  formation 
of  these  weights  of  the  various  substances  are — 

161  grms.  of  zinc  sulphate,  ZnS04,  about  159,000  calories 
36     „          water,  2(H2O)      „     137,000       „ 

92     „          nitric  peroxide,  2(N02)  „       39,000       „ 

„     335,000       „ 

98     „          sulphuric  acid,  H2SO4     „     122,000       „ 
126     „          nitric  acid,  2(HNO3)       „     126,000       „ 

„     248,000       „ 
.  • .  the  E.M.F.  of  the  Grove's  cell 

=  0-000022  x  (335,000  -  248,000) 
=  1-9  volt  approximately, 

which,  again,  is  about  the  value  found  by  direct  measure- 
ment. 

As  already  stated,  the  preceding  method  of  calculation 
can  only  give  the  true  value  of  the  E.M.F.  when  the  cell 
is  neither  warmed  nor  cooled  by  the  chemical  actions 
that  take  place  in  it,  an  assumption  that  is  certainly 
not  true  in  the  case  of  certain  cells.  Further,  the  great 
difference  between  the  heats  of  combustion  as  measured 
by  Thomsen  and  by  Berthelot  leads  us  to  suspect  that 
our  knowledge  on  this  subject  is  at  present  not  very 
exact.  It  is  not,  then,  to  be  wondered  at  that  the 
E.M.Fs.  of  certain  cells,  calculated  in  the  way  just 
described,  do  not  agree  very  well  with  their  actual 

E.M.FS. 

But,  even  if  the  heats  of  combustion  had  been 
determined  with  great  accuracy,  there  would  still 
probably  be  a  difference  between  the  E.M.Fs.  of 
certain  cells  and  their  values  calculated  from  the 
thermal  actions,  unless  allowance  was  made  for  the 
energy  represented  by  certain  combinations  taking 
place  which  do  not  constitute  recognised  chemical 

Q 
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actions.  For  example,  in  the  Smee's  cell  hydrogen 
is  liberated  at  the  platinum  plate,  and  sticks  to 
this  plate,  producing  a  back  E.M.F.  The  difficulty 
of  freeing  the  platinum  from  the  hydrogen  without 
making  the  platinum  red-hot  shows  that  there  is  a 
genuine  combination,  although  a  mechanical,  rather 
than  a  chemical,  combination ;  perhaps  it  is  such  a 
combination  as  occurs  when  a  salt  is  dissolved  in 
water,  or  when  sulphuric  acid  is  diluted  with  water. 
And,  in  all  probability,  just  as  the  solution  of  a 
salt  produces  cold  and  the  dilution  of  sulphuric  acid 
produces  heat,  the  mechanical  combination  of  the 
hydrogen  with  the  platinum  produces  heat,  and,  there- 
fore, must  be  considered  in  calculating  the  E.M.F.  of 
the  Smee's  cell. 

148.  Cost  of  Producing  Electric  Energy  with  Gal- 
vanic Cells  and  with  a  Dynamo  Compared. — From 
the  examples  given  in  the  earlier  part  of  this  chapter 
we  have  seen  that  the  cost  of  developing  a  Board  of 
Trade  unit  in  an  external  circuit  by  means  of  a  battery 
depends  on  :— 

(1)  The  materials  that  are  consumed  when  a  given 
current  flows  through  the  battery  for  a  given  time. 

.  (2)  The  price  per  ton  of  the  materials  in  question. 

(3)  The  E.M.F.  of  the  battery. 

(4)  The  ratio  of  the  external  resistance  to  the  sum  of 
the  external  and  internal  resistances. 

(5)  The  cost  of  the  labour  necessary  for  superintending 
the  battery,  &c. 

To  the  preceding  must  be  added  interest  on  the 
capital  initially  expended,  also  some  allowance  must  be 
made  for  depreciation,  if  we  wish  to  estimate  the  total 
cost  of  giving  a  Board  of  Trade  unit  to  an  external 
circuit. 

If   the  external  resistance  be  very  large  compared 
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with  that  of  a  battery,  then,  excluding  the  chemical 
energy  wasted  in  local  electric  currents,  practically  the 
whole  of  the  chemical  energy  that  is  converted  into 
electric  energy  will  be  usefully  employed  in  the  external 
circuit.  But  this  conversion  of  chemical  energy  into 
useful  electrical  energy  will  proceed  so  slowly,  in  con- 
sequence of  the  smallness  of  the  current,  that  ample  time 
will  elapse  for  a  considerable  amount  of  waste  of  the 
chemicals  to  take  place  through  local  action.  Hence,  it 
does  not  follow  that  a  battery  in  practice  will  give 
energy  most  economically  to  an  external  circuit  when 
the  resistance  of  the  circuit  is  extremely  large  compared 
with  that  of  the  battery  itself. 

For  the  purpose,  however,  of  making  a  comparison 
between  the  cost  of  producing  electric  energy  with 
primary  cells  and  with  a  dynamo,  we  will  give  the 
battery  the  advantage  of  assuming  that  there  is  no  local 
action  whatever;  further,  that  the  whole  of  the  energy 
which  is  represented  by  the  chemicals  consumed  is  use- 
fully employed  in  the  outside  circuit.  We  will  also,  in 
the  first  instance,  omit  the  important  item  of  expenditure 
on  the  labour  of  superintending  the  battery,  of  removing 
the  s'pent  material,  refilling  the  cells,  &c.  ;  and,  lastly, 
we  will  suppose  that  the  materials  are  bought  in  large 
quantities  at  the  lowest  wholesale  prices  quoted  in 
December,  1895. 

First,  as  to  the  amounts  of  the  materials  necessarily 
used  up.  In  the  following  Table  XII.  are  given  the 
approximate  weights  of  the  materials  consumed  per 
hour  per  1,000  amperes  for  some  of  the  most  impor- 
tant cells.  These  weights  are  only  given  approxi- 
mately, since,  as  explained  on  pages  27  and  28,  the 
amount  of  electrolytic  action  produced  in  a  given 
time  by  a  given  current  depends  not  only  on  the 
combining  weights  of  the  constitutents,  but  also  on 
the  temperature  and  on  the  "  current  density  " — that 
is,  on  the  ratio  of  the  current  to  the  cross-section  of 
its  path. 
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TABLE    XII. 

APPROXIMATE  WEIGHT  OF  THE  MATERIALS  CONSUMED  PER  HOUR 
.  PER  1,000  AMPERES. 


Cell. 

Material. 

Approximate  Weight 
in  Ibs.    of   Material 
consumed  per  Hour 
per  1,000  Amperes. 

Daniell       J 

Zinc        
Copper     Sulphate      (including 
water  of  crystallisation) 
[Copper  produced.] 

2-69 

10-3 

[2-61] 

Zinc 

2'69 

Grove           < 

Sulphuric  Acid  (sp.  gr.  1'S  —  i.e. 
containing  about  90  per  cent. 

Nitric  Acid  (sp.  gr.    1'4  —  i.  e. 
containing  about  65  per  cent. 
ofHN03)       

4-43 

7-98 

Leclanche  \ 

Zinc 
Sal  ammoniac    
Manganese  Dioxide 

2-69 
4-41 
7-08 

Potassium  J 
bichromate  1 

Zinc        
Sulphuric  Acid  (sp.  gr.  1  -8)  ... 
Potassium  Bichromate... 

2-G9 
10-32 
4-04 

Chromic      f 
acid        | 

Zinc        

Sulphuric  Acid  (sp.  gr.  1*8)   ... 
Chromium  Trioxide 

2-69 
9-01 
2-89 

Kdison- 
Lalandei 

Zinc 
Caustic  Potash  (containing  70 
percent,  of  KHO)    
Copper  Oxide    ... 
[Copper  produced.] 

2-69 

3-30 
3-27 
[2-61] 
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In  the  following  list  are  given  the  wholesale  prices 
quoted  in  December,  1895,  for  the  materials  used  in  the 
preceding  batteries ;  and,  to  facilitate  the  calculation  of 
the  cost  of  using  cells  for  generating  a  Board  of  Trade 
unit,  the  approximate  prices  per  pound  are  given  in  a 
separate  column.  It  is  to  be  remembered,  however,  that 
these  prices  only  apply  when  very  large  quantities  are 
purchased,  and  that  not  only  are  they  much  lower  than 
the  prices  at  which  single  pounds  of  the  materials  can  be 
bought,  but,  in  some  cases,  they  are  even  much  less  than 
the  prices  per  pound  charged  by  wholesale  chemists  when 
a  hundredweight  of  the  materials  is  purchased  at  once. 

APPROXIMATE  WHOLESALE  PRICES,  1895. 


Material. 



At  per  Ib.  in 
pence. 

Caustic    potash      (con- 

taining 70  per  cent. 

of  KHO)      

£20  15  0  per  ton 

2* 

Copper  ... 

£47  10  0      „ 

5 

Copper  oxide    ... 

In  very  large  quantities 

12 

Copper    sulphate    (con- 

taining about  36  per 

cent,  of  water  of  crys- 

tallisation)   ... 

£16  10  0  per  ton 

If 

Chromium  trioxide  (con- 

taining 5  per  cent,  of 

water)            

£  3     60  per  cwt. 

7 

Manganese  dioxide 
Nitric  acid  (sp.  gr.   1'4 

£  0  12  0      „ 

U 

—  i.e.  containing  about 

65  per  cent,  of  HN03) 

In  very  large  quantities 

*| 

Potassium  bichromate 

»                                   )5 

A 

Sal  ammoniac  ... 

£23     0  0  per  ton 

4 

Sulphuric  acid  (sp.  gr. 

1'8  —  i.e.     containing 

about  90  per  cent,  of 

H2S04)          

£  1   15  0      „ 

4. 

Zinc       

£16     00,, 

including  cast- 
ing into  battery 

plates  and 

amalgamating. 
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We  can  now  estimate  the  approximate  weights  of 
the  different  materials  used  up  and  formed,  and  the 
minimum  cost  of  these  materials,  when  a  Board  of 
Trade  unit  is  developed  by  each  one  of  the  six 
cells.  As  already  stated,  we  will  give  the  cells  the 
advantage  of  assuming  that  there  is  no  local  action 
whatever,  and  that  the  whole  of  the  energy  which  is 
represented  by  the  chemicals  consumed  is  usefully 
employed  in  the  outside  circuit. 

TABLE    XIII. 

APPROXIMATE  WEIGHTS  AND  COST  OF  THE  MATERIALS  CON- 
SUMED PER  BOARD  OF  TRADE  UNIT  PRODUCED. 


Cell. 

Material. 

Approximate 
Weight  in 
Ibs.  used  up 
per  Board  of 
Trade  Unit. 

Approxi- 
mate Lowest 
Price  of 
Material  per 
Board  of 
Trade  Unit. 

Zinc 

2-44 

6|d, 

Daniell 

Copper  sulphate  (includ- 

(E.M.F.,   . 

ing   water   of    crystal- 

1-1 volt) 

lisation 

9-3 

Is.  4£d. 

[Copper  produced] 

[2-4] 

[Is.  Od.] 

Os.  lid. 

Zinc          

1-42 

ajd. 

Sulphuric    acid    (sp.    gr. 

Grove 
(E.M.F., 

1-9  volt) 

T8  —  i.e.      containing 
about  90  per  cent,   of 
H2S04)  
Nitric  acid  (sp.  gr.  1-4  — 

2-33 

Id- 

i.e.  containing  about  60 

\ 

per  cent,  of  HN03)    ... 

4-2 

7|d. 

Is.  Od. 
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TABLE    XIII    (continued}. 


Cell. 

Materials. 

Approximate 

Weight  in 
Ibs.  used  up 
per  Board  of 
Trade  Unit. 

Approxi- 
mate Loivest 
Price  of 
Material  per 
Board  of 
Trade  Unit. 

Leclanche   /• 
(E.M.F.,     { 
1-4  8  volt)  I 

Zinc          
Sal  ammoniac     ... 
Manganese  dioxide 

1-82 
2-98 

4-78 

4ld. 
Gfd. 

Is.  5d. 

Potassium 
bichromate  < 
(E.M.F., 
1  -8  volt) 

Zinc 
Sulphuric    acid    (sp.   gr. 
1-8  —  i.e.      containing 
about   90   per   cent   of 
H2S04)  
Potassium  bichromate  .  .  . 

1-49 

5-76 
2-24 

3|d. 

iMi 

lofd. 

Is.  3d. 

Chromic      f 
acid          | 
(E.M.P.,    1 
1-8  volt)  I 

Zinc 
Sulphuric  acid    (sp.    gr. 
1'8).     ...   ;      
Chromium  trioxide 

1-49 

5-00 
1-62 

3|d. 

Ud. 

ll|d. 

Is.  5d. 

. 

Edison- 
Lalande  ( 
(E.M.F.,      { 
0-8  volt) 

Zinc          , 
Caustic  Potash  (contain- 
ing   70    per    cent,    of 
KHO)  
Copper  oxide 
[Copper  produced] 

3-36 

4-12 
4-08 

[3-25] 

8|d. 

9£d. 
4s.  Id. 
[Is.  4|dJ 

4s.  2d. 
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Excluding,  then,  the  Edison-Lalande  cell,  which  is 
tfye  most  costly  of  the  six  cells  referred  to  above  for 
producing  electric  energy,  we  may  conclude  that,  under 
the  most  favourable  circumstances,  the  cost  of  producing 
a  Board  of  Trade  unit  with  cells  cannot  be  less  than  from 
elevenpence  to  one-and-fivepence  for  the  materials  alone 
that  are  used  up.  Further,  that  if  we  take  into  account 
local  action  and  other  causes  of  waste  of  material,  and 
also  if  we  include  the  value  of  the  labour  spent  in 
keeping  the  cells  in  order,  the  cost  of  producing  a  Board 
of  Trade  unit  will  be  even  much  larger  than  one-and- 
fivepence. 

Contrasted  with  this,  experience  has  shown  that  in 
a  large  London  central  station,  using  steam  engines  and 
dynamos,  the  cost  of  producing  a  Board  of  Trade  unit, 
inclusive  of  coal,  water,  oil,  ivages,  and  salaries  in  the 
generating  station  may  be  as  low  as  \^d.  It  might, 
therefore,  be  supposed  that  the  question  of  employing 
batteries  to  compete  with  steam-engines  and  dynamos 
was  one  that  had  been  definitely  settled,  and  that  any 
attempt  to  introduce  galvanic  cells  for  the  electric  lighting 
of  towns  would  be  regarded  commercially  as  hopeless, 
as  perpetual  motion  is  now  regarded  scientifically  as 
impossible. 

This,  however,  is  not  the  case ;  for  at  regular  intervals 
a  new  type  of  primary  cell  is  brought  before  the  public 
with  a  flourish  of  trumpets,  and  for  a  time  is  able  to 
command  more  or  less  attention,  for  three  reasons — 
viz.  : — 

(1)  It  is  stated  that,  if  galvanic  cells  were  used  in 
houses,  the  cost  of  laying  copper  mains  under  the  streets 
would  be  saved. 

(2)  It  is  claimed  that  the  zinc  oxide  which  is  pro- 
duced— in  an   Edison-Lalande  cell,  for  example — has  a 
commercial   value,   as  it  may  be  used  for  paint ;    also 
that  it  is  not  fair  to  such  a  primary  cell  to  debit  it  with 
the  whole  cost  of  the  caustic  potash  which  is  converted 
into  the  salt  of  potassium  and  zinc  (K2ZnO2)   during 
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the  action  of  the  cell,  since  the  caustic  potash  can 
be  used  over  and  over  again  after  the  zinc  oxide  has 
been  separated  from  the  liquid. 

(3)  It  is  pointed  out  that  the  mechanical  energy 
produced  by  even  a  good  steam-engine  does  not  exceed 
about  one-tenth  of  the  energy  contained  in  the  coal; 
and,  therefore,  allowing  for  the  energy  wasted  in  the 
shafting,  in  the  dynamo,  and  in  the  copper  mains  under 
the  streets,  the  electric  energy  delivered  to  a  house  does 
not  exceed  from  6  to  7  per  cent,  of  the  energy  contained 
in  the  coal  burnt  in  the  central  station.  Whereas,  with 
a  good  galvanic  cell  of  low  internal  resistance,  the 
electric  energy  delivered  to  the  external  circuit  may  be 
95,  or  even  more,  per  cent,  of  the  whole  energy  re- 
presented by  the  consumption  of  battery  material. 

Advantage  No.  1,  which  is  claimed  for  using  galvanic 
cells  in  houses  for  electric  lighting,  is  based  on  the 
assumption  that  it  would  be  cheaper  for  a  company  to 
maintain  a  staff  of  men  to  superintend  batteries  scattered 
throughout  a  town,  and  vehicles  in  which  to  convey  the 
fresh  supplies  of  battery  material,  than  to  expend  capital 
in  laying  copper  mains  under  the  streets.  But  industrial 
experience  is  opposed  to  this,  for  it  was  found  to  be 
more  convenient  to  distribute  gas  and  water  by  means 
of  pipes  than  to  establish  a  little  gasworks  and  to  dig 
a  well  in  every  house.  The  carting  of  coal  to  work 
small  steam-engines  is  already  to  some  extent  replaced 
by  sending  pressure-water,  or  compressed  air,  under  the 
streets ;  even  steam  for  warming  groups  of  private 
houses  is  supplied  from  centres  in  American  towns  j  and 
in  that  country  kerosene  oil  for  illuminating  purposes  is 
pumped  through  hundreds  of  miles  of  pipes. 

Further,  the  cost  of  superintending  the  cells  which 
it  is  proposed  to  place  in  the  houses  to  be  electrically 
lighted  would  probably  be  increased  by  the  necessity  of 
the  number  of  cells  in  circuit  in  a  house,  or  the  resistance 
in  each  house  circuit,  having  to  be  altered  from  time  to 
time  to  compensate  for  the  falling  off  in  the  E.M.F.  of 

Q* 
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the  cells  and  for  the  increase  in  the  internal  resistance 
wliich  always  occurs  when  galvanic  cells  are  used  to 
produce  a  considerable  current.  For  certain  uses  of  the 
current,  no  doubt,  small  changes  in  its  strength  are  of 
no  importance,  and  no  very  careful  regulation  is  neces- 
sary ;  but,  since  the  light  emitted  by  a  glow  lamp  varies 
about  6  per  cent,  for  each  1  per  cent,  change  in  the 
current,  and  about  7  per  cent,  for  each  1  per  cent, 
change  in  the  pressure,  the  public  will  not  tolerate 
any  considerable  fluctuation  in  the  pressure  maintained 
between  the  terminals  of  a  glow  lamp. 

Now,  when  electric  energy  is  supplied  through  mains 
from  a  central  station,  it  is  possible,  by  regulating  at  the 
central  station,  to  keep  the  pressure  fairly  constant  in 
any  house ;  indeed,  as  stated  on  page  358,  electric  light 
companies  in  Great  Britain  are  prevented  by  law  from 
allowing  the  P.D.  between  the  house-mains,  where  they 
enter  the  house,  to  vary  by  more  than  4  per  cent,  from 
the  standard  pressure.  And  it  is  the  endeavour  of  every 
well-regulated  electric  light  company  to  keep  well  within 
this  permissible  limit  of  variation.  If,  however,  a  house 
were  electrically  lighted  with  galvanic  cells  on  the 
premises,  the  regulation  would  have  to  be  effected  either 
by  the  householder,  or  by  an  inspector  going  from  house 
to  house,  an  arrangement  which  would  not  only  be 
attended  with  some  inconvenience,  but,  probably,  with 
some  expense. 

As  to  the  second  advantage  that  is  claimed,  it  does 
not  seem  wise  to  base  calculations  on  the  assumption  of 
its  truth  until  we  have  some  practical  proof  that  the  cost 
of  separating  the  zinc  oxide  from  the  spent  liquid  is 
more  than  compensated  for  by  the  selling  value  of  the 
materials  so  obtained.  This  criticism  does  not,  of  course, 
apply  to  the  copper  deposited  in  a  Daniell's  cell,  for  it  is 
deposited  in  a  solid,  very  pure  condition,  and  has  certainly 
a  definite  money  value,  such  as  has  been  given  to  it  in 
Table  XIII.  (page  486).  But  it  does  apply  to  a  certain 
extent  to  the  copper  that  is  left  behind  after  the  reduction 
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of  the  copper  oxide  in  the  Edison-Lalande  battery,  for, 
since  that  is  mixed  with  a  certain  amount  of  the  un- 
reduced oxide,  its  value  may  be  less  tlian  that  assigned 
to  it  in  Table  XIII. 

The  third  advantage  claimed  for  the  galvanic  cell — 
viz.  that  it  is  a  very  efficient  transformer  of  chemical 
energy  into  electric  energy — has  not  only  a  real  existence, 
but  is  of  the  greatest  importance.  At  present,  however, 
this  high  efficiency  of  the  cell  has  a  scientific  interest 
only,  since,  although  95  per  cent,  of  the  energy  represented 
by  the  chemical  action  in  a  cell  may  be  usefully  employed, 
we  cannot  with  any  known  form  of  galvanic  cell  produce 
a  Board  of  Trade  unit  with  a  consumption  of  less  than 
about  l'41b.  of  zinc,  which  costs  not  less  than  3^d., 
when  allowance  is  made  for  casting  and  amalgamating  \ 
further,  a  sum  of  8d.,  or  so,  has  to  be  expended  per 
Board  of  Trade  unit  for  the  oxidising  and  depolarising 
agents,  if  the  waste  product  be  regarded  as  practically 
valueless. 

Hence,  it  is  impossible  at  present  for  cells  to  compete 
with  steam-engines  and  dynamos  for  the  lighting  of 
towns,  since,  although  95  per  cent,  of  the  energy  con- 
tained in  the  coal  may  be  entirely  wasted  with  our  present 
methods  of  distributing  it  electrically,  a  Board  of  Trade 
unit  delivered  to  a  house  represents  a  combination  of  at 
the  most  31bs.  of  coal,  which  cost,  say,  0'3d.,  with  the 
oxygen  of  the  air,  which  costs  nothing.  Hence,  ex- 
cluding labour,  interest  on  capital,  etc.,  the  cost  price 
of  a  Board  of  Trade  unit  delivered  to  a  house  now  repre- 
sents under  Id. ;  whereas,  also  excluding  labour,  interest 
on  capital,  Ac.,  it  would  represent  at  the  very  least  Is. 
if  supplied  from  cells  in  the  house. 

Should,  however,  a  really  economical  method  be 
devised  of  dealing  with  the  waste  product  from  some 
galvanic  cell,  or,  better  still,  when  we  have  found  out 
how  to  cause  some  fuel  of  the  value  of  coal,  or  of  oil,  to 
combine  rapidly  in  a  galvanic  cell  with  some  oxidiser  as 
cheap  as  air  or  water,  then  the  comparison  of  the  cost 
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of  producing  electric  energy  with  cells  and  with  a 
dynamo  will  require  careful  reconsideration. 

But  it  is  to  be  remembered  that  the  solution  of  this 
latter  problem  requires  an  entirely  new  discovery  to  be 
made,  and  that  the  mere  cheapening  of  electric  lighting  is 
one  of  the  smallest  results  that  would  follow  from  it.  For 
a  method  of  causing  the  energy  liberated  by  the  oxidation 
of  cheap  fuel  to  appear  in  an  electric  or  mechanical  form 
without  the  employment  of  any  heat-engine  would  entirely 
revolutionise  our  existing  methods  of  producing  motive 
power,  and  might  enrich  the  discoverer  beyond  the 
dreams  of  avarice.  (See  the  note  on  page  563.) 

Until,  however,  we  are  able  to  form  some  conception 
of  that  mechanism  in  man  and  in  animals  by  the  aid  of 
which  the  energy  of  food  is  turned  directly  into  muscular 
energy,  or  until  we  are  in  possession  of  new  methods  of 
dealing  with  such  waste  products  as  zinc  sulphate,  any 
scheme  for  using  galvanic  cells  to  electrically  light  towns 
should  be  received  with  considerable  scepticism. 

149.  Measuring  a  Cell's  Resistance  when  Very 
Small. — A  method  of  measuring  the  resistance  of  a 
battery  or  cell  by  using  a  voltmeter  and  an  ammeter 
was  described  on  page  366,  §  119  ;  and,  in  the  case  of 
cells  having  a  very  low  internal  resistance,  this  method 
is  very  valuable.  The  resistance  of  an  accumulator,  for 
example,  is  frequently  under  O'OOl  ohm;  hence,  until 
the  current  is  as  large  as  20  amperes,  theP.D.  between 
the  terminals  of  such  a  cell  will  not  differ  from  its 
E.M.F.  of  2  volts  by  as  much  as  1  per  cent. — or,  in  other 
words,  the  fact  that  the  cell  has  a  resistance  will  not 
cause  a  diminution  of  as  much  as  1  per  cent,  in  the  value 
of  the  current  for  currents  under  20  amperes.  Hence, 
it  follows  that  somewhat  large  currents  must  be  em- 
ployed in  order  to  measure  the  resistance  of  such  an 
accumulator  with  any  degree  of  accuracy ;  and  while,  on 
the  one  hand,  such  currents  are  liable  to  change  the 
resistance  of  a  coil  by  warming  it,  and  so  prevent  us 
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being  quite  sure  of  the  resistance  of  a  coil  from  previous 
tests,  such  currents  are  very  suitable  for  being  measured 
with  an  ordinary  commercial  ammeter. 

Consequently,  if  a  suitable  voltmeter  be  also  avail- 
able, the  method  illustrated  in  Fig.  169,  page  366, 
which  does  not  require  the  resistance  of  the  coil  x  to 
be  known,  may  be  very  conveniently  used  for  testing 
the  resistance  of  a  battery  or  cell  intended  to  produce 
large  currents. 

Another  reason  why  large  currents  must  be  used  in 
testing  the  resistance  of  an  accumulator  is  that  this 
resistance  is  not  a  constant,  but  diminishes  as  the  current 
increases.  Hence,  if  it  be  desired  to  know  the  resistance 
for  a  current  of  50  amperes,  this  current  must  be  em- 
ployed when  making  the  test. 

150.  Measuring  a  Cell's  Resistance  when  Not  Very 
Small. — In  the  case  of  cells  like  the  Minotto,  which 
have  a  resistance  of  several  ohms  each,  the  method  of 
measuring  the  resistance  which  is  described  in  the  pre- 
ceding section  would  generally  be  unsuitable,  as  it  would 
require  the  use  of  an  ammeter  graduated  in  hundredths 
of  an  ampere.  Further,  no  difficulty  is  met  with  in 
using  ordinary  resistance  coils,  since,  with  such  cells, 
the  currents  that  can  be  produced  are  but  small. 

As  with  the  preceding  method,  two  separate  tests 
must  be  made,  since  the  E.M.F.  of  the  cell  as  well  as 
its  resistance  is  generally  unknown,  and  the  tests  em- 
ployed must  be  of  such  a  kind  that  the  E.M.F.  can  be 
eliminated  from  the  two  equations  which  express  the 
results  obtained  on  carrying  out  the  two  tests  in  question. 
For  example  : — 

Method  No.  1  (a). — Let  a  cell  of  unknown  resistance, 
c  ohms,  be  used  to  send  a  current  through  a  galvano- 
meter of  known  resistance,  g  ohms  —  first,  when  a 
resistance  of  r  ohms  is  inserted  in  the  circuit  in  addition 
to  c  and  g ;  second,  when  this  added  resistance  is 
changed  to  r'  ohms.  Let  C  and  C'  be  the  relative 
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strengths  of  the  currents  determined  from  the  two 
deflections  of  the  galvanometer  and  from  its  relative 
calibration  curve.  Let  E  be  the  unknown  E.M.F.  of 
the  cell  in  volts,  then 

E  EC 


c  +  r+g      c  +  r\+g      C' 
c  +  r'  +  g      C 


or 


r+g      C' 


C  -  C' 

No.  1  (b). — If  r  and  r'  be  so  chosen  that  C  is  twice 
C',  then 

c  =  r'  —  2r  —  g. 

Method  No.  2  (a). — Instead  of  varying  the  added 
resistance,  let  the  galvanometer  in  the  first  test  be  un- 
shunted,  and,  in  the  second,  be  shunted  with  a  shunt  of 
s  ohms'  resistance,  and  let  C  and  D  be  the  relative 
strengths  of  the  currents  produced,  then 

E 


r                       E 

C 

-  s                        g  s 

D 

9  +  s 

g  +  s)(c  +  r)  +  gs 

C 

s(c  +  r  +  g) 

D 

or  c.  -= 

)  (r  +  i 

Dg-(C-D)s 

No.  2  (b). — Hence,  if  r  be  nought,  and  g  be  large 
compared  with  s, 

c  =  G-]Dg- 
D 


Chap.  VI.]    MEASURING    THE    RESISTANCE    OF  A  CELL.  495 

Method  No.  3  (a). — Let  the  galvanometer  be  shunted 
with  a  shunt  of  resistance  s  when  making  both  tests, 
the  former  being  made,  however,  with  a  resistance  of  r 
ohms  in  the  main  circuit,  and  the  second  with  a  resistance 
of  r'  ohms ;  then,  if  G  and  G'  be  the  relative  strengths 
of  the  currents  in  the  two  cases, 

s  E  G 


($r  +  s)(c  +  r)  +  #s 

GV-Gr  -f  (G'-G)  ^-S- 
q  +  s 

OY  G   = 

G-G' 

No.  3  (b). — Tf  r  be  made  nought  and  the  galvano- 
meter be  very  sensitive,  s  may  have  to  be  made  so  small, 
to  reduce  the  first  deflection  to  a  readable  amount,  that 

—  will  be  inappreciably  small  compared  with  c.     In 

g  +  * 

that  case 

GV 
c  = ; 

G-G' 

No.  3  (d)  therefore,  if  also  ?•'  be  chosen  so  as  to 
make  G'  equal  to  half  G, 

c  =  r'. 

Method  No.  4  (a). — When  making  the  first  test,  let  a 
resistance  of  r  ohms  be  in  the  main  circuit,  and  let  the 
galvanometer  be  unshunted;  while,  in  making  the  second 
test,  let  r  be  charged  to  r'  ohms,  and  let  the  galvano- 
meter be  shunted  with  a  shunt  of  resistance  s.  Then,  if 
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the  relative  strengths  of  the  currents  be  C  and  F,  we 
have 

E  s  E  C 


c+r+g'g+s      c  +  ^  +  jM         F 

ff  +  s 

(g  +  s)(c  +  r')  +  gs  __   C 
s(c  +  r  +  g)  '  F' 

C(r  +  g)s-y{(g  +  s)r'  +gs] 


or  c  = 


•Fg-(G-F)s 


No.   4  (b)  so  that  if  s  and  r'  be  so  chosen  that  F 
equals  0,  . 

_  s  (r  —  r')  —  g  r' 

9 

No.  4  (d)  or,  if  r'  be  nought  and  s  be  so  chosen  that  F 
equals  C, 


Method  No.  5. — In  making  the  first  test  let  the 
galvanometer  be  shunted  with  a  shunt  of  s  ohms,  and  let 
a  resistance  of  r  ohms  be  in  the  main  circuit,  while,  in 
making  the  second  test,  let  the  shunt  be  changed  to  one 
of  s'  ohms  and  the  added  resistance  to  r'  ohms. 

Then,  if  G  and  G"  be  the  relative  strengths  of  the 
currents,  we  have 

s  E  s'  E  G 


g+s' 


'<•   G  «'  {(9  +  ^  r  +  gs}  -  G"s  {(g  +  a')  r1  +  gs'} 
G"  s  (g  -f-  s')  —  G  s'  (g  +  s) 
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This  last  case  includes  all  those  previously  given  in 
this  section,  for  they  may  be  obtained  from  this  last  case 
by  simply  giving  different  values  to  r,  r',  s  and  s',  as  seen 
from  the  following  table  : — 


FIRST  TEST. 

SECOND  TEST. 

Value  of 

Added 

Value  of 

Value  of  Added 

Value  of 

Resist- 

Shunt. 

Resistance. 

Shunt. 

ance. 

Method  No.  1  (a) 

r 

00 

r, 

CO 

/  chosen  so 

) 

»      (*) 

r 

as  to  halve 

00 

the  current 

1 

Method  No.  2  (a) 

r 

00 

r 

s 

I      s  small 

„          „      (*) 

o 

00 

0 

|    compared 
(      with  g 

i 

Method  No.  3  (a) 

f 

s 

r' 

s 

i 

s  small 

\ 

!s  small 

"          "      (b} 

0  i 

compared 
with  g 

\     ' 

compared 
with/ 

I 

s  small 

r'  chosen  so 

*  small 

„      (d) 

0 

compared 
with  g 

as  to  halve 
the  current 

compared 
with  g. 

Method  No.  4  (a) 

r 

00 

j 

8 

/chosen  so 

s  chosen  so  aa 

„          „      (ft) 

r 

CO 

as  to  keep  cur- 

to keep  cur- 

rent constant 

rent  constant 

»      (<*) 

r 

00 

o 

Ditto 

Method  No.  5     . 

r 

8 

r' 

< 
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151.  Remarks  on  the  Preceding  Methods  of  Meas- 
uring the  Resistance  of  Cells. — All  the  preceding 
methods  of  measuring  the  resistance  of  a  cell  are  based 
on  the  assumption  that  its  E.M.F.  remains  exactly  the 
same  during  the  carrying  out  of  the  pair  of  tests  that 
have  to  be  made,  whichever  method  of  measurement  be 
employed.  In  consequence  of  the  time,  however,  during 
which  each  of  the  two  currents  has  to  be  allowed  to  flow 
while  the  galvanometer  deflection  is  becoming  steady, 
and  also  in  consequence  of  its  being  necessary  for  the 
carrying  out  of  the  measurement  that  these  two  currents 
passing  through  the  cell  should  differ  considerably  in 
strength,  the  assumption  that  the  E.M.F.  of  the  cell 
remained  wholly  unchanged  would  be  quite  wrong  in 
the  case  of  cells  like  the  Leclanche,  which  polarise 
rapidly.  On  this  account  the  "condenser  method  of 
measuring  the  resistance  of  cells,"  to  be  subsequently 
described  in  Volume  II.,  is  preferable  for  use  with  such 
cells. 

In  employing  any  of  the  preceding  methods,  care 
must  be  taken  not  to  use  resistances  that  are  very  large 
compared  with  the  resistance  of  the  cell  to  be  measured ; 
for  not  only  would  the  introduction  of  such  large 
resistances  render  the  test  very  unsensitive,  but,  in 
addition,  any  small  percentage  error  which  might  exist 
in  this  large  resistance  would  itself  be  comparable  with 
the  resistance  to  be  measured,  and  so  would  introduce  a 
large  error  into  the  answer. 

For  example,  to  weigh  a  few  grains  of  some  powder 
in  a  weighing-machine  used  for  weighing  luggage  at  a 
railway  station  would  certainly  lead  to  hopeless  in- 
accuracy ;  but  beginners  are  apt  to  forget  that,  although 
a  coil  of  10,000  ohms  and  another  of  T^th  of  an  ohm 
may  be  put  into  boxes  of  about  the  same  size,  there  is 
the  same  sort  of  difference  between  these  resistances  as 
there  is  between  the  weight  of  30  tons  and  of  1  ounce, 
and  therefore  that  giving  r  and  r  in  the  preceding  tests 
values  of  thousands  of  ohms  must  invariably  lead  to 
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error  when  the  resistance  of  the  cell  to  be  tested  is 
2  or  3  ohms,  or  less. 

If,  then,  the  galvanometer  used  for  measuring  the 
resistance  of  a  cell  be  very  sensitive  and  of  high  resist- 
ance, methods  Nos.  1,  2,  and  4  would  be  quite  unsuitable 
to  be  employed,  since,  to  reduce  the  galvanometer  de- 
flection to  readable  limits,  it  would  be  necessary  to  give 
r  a  large  value.  Methods  Nos.  3  or  5,  on  the  other 
hand,  could  be  successfully  used,  since  the  galvanometer 
being  shunted  in  both  the  tests,  the  deflection  could  be 
made  to  have  the  desired  value  in  each  case  without 
making  r  very  large.  And  if  the  cell  were  one  that  was 
not  seriously  polarised  when  the  external  resistance  was 
small,  method  No.  3  (d)  would  be  a  very  convenient  one 
to  employ. 

If,  on  the  other  hand,  the  galvanometer,  although 
having  a  high  resistance,  be  not  very  sensitive,  so  that 
when  the  cell  to  be  tested  is  applied  direct  to  its  ter- 
minals the  deflection  is  not  unreadably  large,  then 
method  No.  2  (b)  may  be  employed  with  advantage ;  for 
it  is  to  be  observed  that  the  formula  in  this  case  which 
gives  the  resistance  of  the  cell  does  not  involve  the  high 
resistance  of  the  galvanometer,  but  only  that  of  the 
shunt,  and  this  may  be  made  comparable  with  that  of 
the  cell. 

Since  r  has  the  value  nought  in  this  method  No.  2  (b\ 
and  the  high  resistance  galvanometer  is  therefore  applied 
directly  between  the  terminals  of  the  cell,  this  method 
may  be  regarded  as  measuring,  first,  a  current  which  is 
proportional  to  theE.M.F.  of  the  cell;  second,  a  current 
proportional  to  the  P.D.  between  its  terminals  when  the 
galvanometer  and  the  cell  are  shunted  with  a  resistance 
of  s  ohms — that  is,  when  the  cell  is  allowed  to  send  a 
current  through  an  external  resistance  of  s  ohms.  But 
this  is  practically  the  method  described  in  §  119, 
page  366  ;  and  the  s  in  method  No.  2  (b)  is,  therefore, 
simply  the  value  of  x  in  Fig.  169,  page  366. 

Hence,  all  the  equations  given  on  pages  364,  365, 
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and  366  apply  also  in  this  case,  only  if  E  is  the  E.M.F. 
in  volts  of  the  cell,  and  if  Y  is  the  P.D.  in  volts  between 
its  terminals  when  it  is  sending  a  current  of  A  amperes 
through  the  shunt  or  external  resistance  of  s  ohms,  it 
must  be  remembered,  first,  that  in  method  No.  2  (b)  we 
do  not  actually  measure  the  current  with  an  ammeter ; 
second,  that  the  currents  C  and  D  do  not  indicate  the 
values  of  E  and  of  V  in  volts,  but  only  are  proportional 
to  E  and  V — that  is  to  say, 

_0  =  E 

D  ~  V 

From  this,  however,  it  follows  that  the  equation 

C-D 

~v~s> 

which  is  given  under  the  method  No.  2  (b),  is  simply 
the  equation 

E-V 

~v^x' 

a  form  in  which  the  last  equation  but  two  on  page  364 
can  be  at  once  written.  Consequently,  the  equation 
used  in  method  No.  2  (6)  is  simply  a  statement  of  the  fact 
that  the  P.D.  employed  in  sending  the  current  through 
the  cell  bears  to  the  P.D.  employed  in  sending  it  through 
the  external  circuit  the  ratio  that  the  resistance  of  the 
cell  does  to  the  external  resistance. 

In  §  149,  page  492,  it  was  explained  that  the  method 
given  in  §  119  for  measuring  the  resistance  of  a  cell  was 
specially  suitable  when  the  cell's  resistance  was  very 
small ;  and  the  reason  that  in  method  No.  2  (6)  we  have 
been  again  led  to  the  equations  given  in  §  119  is  that  by 
assuming  in  method  No.  2  (b)  that  r  was  nought,  that  g 
was  large  relatively  to  s,  and  that  s  was  comparable  in 
value  with  c,  we  have  in  reality  made  the  assumption 
that  c  was  small. 
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Example  136. — A  Darnell's  battery  produces  a  de- 
flection of  38°  on  a  tangent  galvanometer  when  a  re- 
sistance of  27  ohms  is  inserted  in  the  circuit,  and  a 
deflection  of  46°  when  this  resistance  is  reduced  to  12 
ohms.  What  is  the  resistance  of  the  battery  if  that  of 
the  galvanometer  be  2^  ohms  1 

Inserting  these  values  in  the  equation,  we  have 

tan.  38°x(27  +  2|)-tan.  46°x(12  +  2|) 
tan.  46°— tan.  38°. 

Answer. — 31 J  ohms  about. 

Example  137. — With  a  galvanometer  having  a  re- 
sistance of  half  an  ohm,  and  constructed  so  that  the 
angular  deflection  is  directly  proportional  to  the  current, 
a  battery  of  20  Grove's  cells  in  series  produces  a  de- 
flection of  28  divisions  when  a  resistance  of  2  ohms  is 
inserted,  and  14  divisions  when  a  resistance  of  8  ohms 
is  inserted.  What  is  the  resistance  of  the  battery  1 

If  b  be  the  resistance  of  the  entire  battery, 

b  =  8-2x2-1. 

Answer. — 3J  ohms. 

Example  138. — A  cell  attached  directly  to  a  low 
resistance  ammeter  produces  a  current  of  1*24  ampere, 
which  is  reduced  to  0-62  ampere  when  a  resistance  of 
1  -35  ohm  is  inserted  in  the  circuit.  What  is  the  re- 
sistance of  the  cell  1 

Answer. — 1-35  ohm. 

Example  139. — A  cell  produces  a  current  of  If 
ampere  when  joined  in  series  with  a  resistance  of  \  an 
ohm  and  an  ammeter  having  1  ohm  resistance.  When, 
however,  the  ammeter  is  shunted  with  a  resistance  of  j 
ohm  the  reading  is  0-49  ampere.  What  is  the  resistance 
of  the  cell  ? 

Answer. — 0'15  ohm. 

Example  140. — When  4  ohms  are  introduced  into 
the  circuit  of  a  Leclanche  cell  and  a  sine  galvanometer 
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having  6  ohms'  resistance,  a  deflection  is  produced 
corresponding  with  a  necessary  rotation  of  the  sine 
galvanometer  through  22°.  When,  however,  the  sine 
galvanometer  is  shunted  with  2  ohms,  the  rotation 
required  is  only  8°.  What  is  the  resistance  of  the 
Leclanch^  cell  ? 

Substituting  the  values  in  the  equation,  we  have 

_  sin-  22°x  (4  f  6)  x  2— sin.  8°  x  {(2  +  6)  x  4  +  2  x  6} 
sin.  8°  x  (2 +  6) -sin.  22°  x  2. 

Answer. —  4  ohms  about. 

Example  141. — The  same  deflection  is  produced  on 
a  galvanometer  of  2^  ohms'  resistance,  when  8  ohms  are 
in  circuit,  as  when  only  2  ohms  are  in  circuit,  and  the 
galvanometer  is  shunted  with  2  ohms.  What  is  the 
resistance  of  the  current  generator  1 

2  x  (8  -  2)  -  21  x  2 

6  =  -     ^r    ~\ 

Answer. — 2r  of  an  ohm. 
o 

152.  Comparing  the  Electromotive  Forces  of  Cells.— 
Although  it  requires  two  tests  to  be  made  to  determine 
the  resistance  of  a  cell,  unless  its  E.M.F.  at  the  moment 
of  making  the  test  is  known,  one  measurement  with  a 
suitable  voltmeter  enables  the  E.M.F.  of  a  cell  in  volts 
to  be  ascertained.  To  compare,  however,  the  E.M.Fs. 
of  two  cells  requires  two  tests  ;  they  may,  for  example,  be 
both  measured  with  a  voltmeter,  or,  if  only  their  relative 
values  and  not  the  absolute  value  of  either  be  required, 
one  or  other  of  the  following  methods  may  be  em- 
ployed :— 

Method  No,  1. — When  a  galvanoscope  of  known  re- 
sistance, g  ohms,  but  of  unknown  calibration,  is  available 
as  well  as  a  box  of  resistance  coils,  attach  each  cell  in 
succession  to  the  galvanometer,  with  the  resistance  box 
in  circuit,  and  employ  resistances  r  and  r'  ohms  in  the 
two  cases  respectively  so  as  to  make  the  current  the 
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same.  Then,  if  c  and  c  are  the  resistances  of  the  cells 
respectively  in  ohms,  and  E  and  E'  are  their  unknown 
E.M.Fs.,  in  volts, 

E  _E'   y, 

c  +  r  +  g  c'+r'+g 
E  _  c  + r  +  g 
E'  c'+r'+g 

If  the  galvanoscope  is  of  high  resistance  and  sensi- 
tive, c  and  c  will  be  negligible  compared  with  r  +  g  and 
r'  +  g;  therefore,  in  that  case, 

E   =  r_  +  g 
E'        r'+g 

Or,  if  the  galvanoscope  be  very  sensitive,  c  +  g  may 
be  small  compared  with  r,  and  c'+g  small  compared  with 
r'.  In  that  case  we  have 

— =  —  approximately. 
E'       r' 

Method  No.  2. — If  the  relative  calibration  of  the 
galvanometer  as  well  as  its  resistance,  g  ohms,  be  known, 
and  a  few  resistance  coils  be  available,  but  not  neces- 
sarily enough  to  enable  the  resistance  to  be  changed 
within  wide  limits,  attach  each  cell  in  succession  to  the 
galvanometer  with  one  or  more  coils  in  the  circuit,  so  as 
to  obtain  readable  deflections.  Let  C  and  C'  be  the 
relative  strengths  of  the  currents  when  the  resistances 
r  and  r'  ohms  are  inserted  with  the  two  cells  respectively, 
then 

E          ^          E'          _  C 

c  +  r  +  g    '    c'+r'+g        0' 
.    E      =  c  +  r  +  g  x  C_ 
'  E'          c'+r'+g        C' 
If  the  E.M.Fs.  and  the  resistances  of  the  two  cells  be 
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not  very  different,  a  single  resistance  coil  of  r  ohms  may 
be  used  in  both  cases,  and  then  the  equation  becomes 

E  =  c  +  r  +  g  x  _C 
E'~    c'+r+y       </ 

Hence,  if  the  galvanometer  be  of  high  resistance  and 
sensitive,  both  c  arid  c'  will  be  small  compared  with 
r-f  g,  and  the  ratio  becomes 

E        C 


or,  in  other  words,  the  E.M.Fs.  of  two  cells  are  propor- 
tional to  the  currents  they  send  respectively  through  a 
circuit  consisting  of  a  galvanometer  in  series  with  a  high 
resistance.  But  this  result  also  follows  at  once  from  the 
fact  that  such  a  combination  constitutes  an  instrument 
for  measuring  the  relative  value  of  P.Ds.  (§§  47,  48, 
pages  176  to  179)  ;  and  that  when  the  resistance  external 
to  a  cell  is  large,  the  P.D.  between  its  terminals  is  equal 
to  its  E.M.F.  (§119,  page  365). 

Method  No.  3.  —  If  we  know  neither  the  resistance  of 
the  galvanometer  nor  of  the  cells,  nor  of  any  coil  of  wire, 
the  ratio  of  their  KM.Fs.  can  be  found  thus:  —  First, 
join  the  cells  so  that  they  help  one  another,  and  place 
them  in  series  with  the  galvanometer  and  any  convenient 
coil  of  wire  of  unknown  resistance  ;  second,  reverse  the 
direction  of  one  of  the  cells  so  that  they  now  oppose  one 
another.  Then,  if  G  and  G'  be  the  relative  strengths 
of  the  currents, 

E  +  E'         E  —  E'  __  G 
P  P  G'' 

where  p  is  the  unknown,  but  constant,  resistance  of  the 

circuit;  .        E  +  E'  ..  G 

E  -  E'  "  G'' 
E         G  +  G' 


or 


E'         G  -  G' 
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This  method  has,  however,  the  serious  disadvantage  that 
reversing  the  direction  of  the  current  through  one  of  the 
cells  may  temporarily  alter  its  E.M.F.,  so  that  the  E'  in  the 
second  term  of  the  first  equation  may  differ  somewhat  from 
the  E'  in  the  first  term  ;  and,  therefore,  the  third  equation 
given  above  cannot  be  accurately  deduced  from  the  second. 

Example  142.  —  Two  batteries  having  internal  resist- 
ances of  15  and  10  ohms  respectively  produce  the  same 
deflection  on  a  galvanometer  of  40  ohms'  resistance  when 
305  and  250  ohms  are  respectively  introduced  into  the 
circuit.  What  is  the  ratio  of  their  E.M.Fs.  ? 

Answer.  —  1*2. 

Example  143.  —  The  same  two  batteries  produce  the 
same  deflection  on  a  much  more  delicate  galvanometer, 
having  100  ohms'  resistance,  when  6,031  and  5,000  ohms 
are  respectively  introduced  into  the  circuit.  What  is 
the  ratio  of  their  E.M.Fs.  ?  Answer.—  1-2027. 

Example  144.  —  What  result  will  be  obtained  in  the 
last  question  if  the  resistances  of  the  cells  and  of  the 
galvanometer  be  neglected  1 


Answer.  —  ,  or  1-206.     Hence,  by  neglecting  the 

resistances  of  the  cells  and  of  the  galvanometer  in 
question  143,  nearly  as  accurate  an  answer  is  obtained 
as  by  taking  these  resistances  into  account  in  question 
142,  where  the  galvanometer  was  much  less  sensitive. 

Example  145.  —  A  current-generator  of  2  ohms'  resist- 
ance produces  a  deflection  of  60°  on  a  tangent  galvano- 
meter of  3  ohms'  resistance  when  a  resistance  of  4,500 
ohms  is  introduced  into  the  circuit.  A  Daniell's  cell,  on 
the  other  hand,  having  an  E.M.F.  of  1*07  volt  and  5 
ohms'  internal  resistance,  produces  a  deflection  of  45° 
when  a  resistance  of  55  ohms  is  placed  in  the  circuit. 
What  is  the  E.M.F.  of  the  current-generator? 

Answer.  — 

2  +  4500  +  3      tan  60° 

1-07  x  -  x  -  >  or  132-5,  volts. 
5  +  55  +  3       tan  45° 
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Example  146.—  What  is  the  E.M.P.  of  a  Grove's 
cell  if,  when  connected  so  as  to  assist  a  Darnell's  cell 
having  an  E.M.F.  of  I'l  volt,  a  rotation  of  38°  of  a  sine 
galvanometer  is  necessary  to  bring  the  needle  to  a  fixed 
mark,  whereas,  when  the  Grove's  cell  is  reversed,  a 
rotation  of  8J°  in  the  opposite  direction  is  necessary  ? 

Answer.  —  1*78  volt, 

Example  147.  —  What  must  be  the  relationship  be- 
tween the  resistance  of  the  galvanometer,  the  added 
resistance,  and  the  resistances  of  two  cells  whose  E.M.Fs. 
are  to  be  compared  by  method  No.  1,  page  502,  in  order 
that  neglecting  the  resistance  of  the  galvanometer  and 
of  the  cells  may  not  cause  an  error  of  more  than  1  per 
cent,  in  the  answer  ? 

Answer.  —  If  c  and  c'  ohms  be  the  resistances  of  two 
cells  having  E.M.Fs.  of  E  and  E'  volts,  and  r  and  r 
ohms  be  the  added  resistances  when  the  same  deflection 
is  produced  by  the  two  cells  on  a  galvanometer  of 
resistance  g  ohms,  we  have 

E_  __   c+g  +  r 
E'  ~ 


and  we  require  that 

c  +  g  +  r   __  r_  shall  numerically  _J_  c  +  g  +  r  . 
c'+  g  +  r'       r'       not  exceed        100  c'  +  g  +  r'} 

also  that 

c'+  g  +  r'  ___  r^  shall  numerically  J_  c'  +  g  +  r' 
c  +  g  +  r        r        not  exceed        100  c  -f  g  +  r 

Hence  the  limiting  values  will   be  found  from  the 
equations 

c  +  g  +  r_    _  r_  _  _j_  _J_  c  +  g  +  r 
c'+  g  +  r'  "     r.  ~       -   100  c'+  g  +  r" 
'  +  9  +  r      r'  1      c'  +  g  -f  r' 


and 


+  g  ~h  r      r  100  c+g 


chap,  vi.j  POGGENDORFF'S  METHOD,  507 

which  give  the  four  answers 

r  r' 

fl4~"  =  l, 


T  r 

c  +  a  c'  -\- 


=  i, 


Hence,  100  times  the  ratio  of  the  neglected  to  the  added 
resistance  for  either  cell  must  not  differ  from  99  times, 
or  from  101  times,  the  ratio  of  the  neglected  to  the 
added  resistance  for  the  other  cell,  by  more  than  unity. 

Example  148.  —  A  battery  sends  a  current  through  a 
resistance  box  and  a  milammeter  of  57  ohms'  resistance. 
When  the  resistance  in  the  box  is  400  ohms  the  current 
is  35-5  milliamperes,  which  increases  to  56  milliamperes 
when  the  resistance  in  the  box  is  reduced  to  180  ohms. 
What  are  the  E.M.F.  and  resistance  of  the  battery1? 
Answer.  —  17*2  volts  and  32-6  ohms. 

153.  Poggendorff'  s  Method  of  Comparing  Electro- 
motive Forces.  —  With  many  types  of  cells  the  E.M.F. 
is  fairly  constant,  even  for  wide  variations  in  the  cur- 
rent passing  through  them,  and  in  such  a  case  any  of 
the  previous  methods  can  be  employed  for  comparing 
their  electromotive  forces.  But  with  other  types  —  for 
example,  the  Clark's  cell  —  a  very  small  current  passing 
through  the  cell  is  sufficient  to  alter  the  E.M.F.  In 
such  a  case  the  following  method,  due  originally  to 
Poggendorff,  may  be  employed  :  — 

From  what  has  preceded  we  know  that  if  a  current 
of  A  amperes,  produced  by  any  convenient  current 
generator,  be  made  to  flow  along  a  wire,  j  K  (Fig.  213), 
the  P.D.  in  volts  between  any  two  points,  L,  M,  is  equal 
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to  the  product  of  A  into  r,  the  resistance  of  the  wire,  in. 
ohms,  between  the  points  L  and  M.  Hence  if  L  and  M 

be  joined  with  an- 
other circuit  contain- 
ing a  cell  of  E.M.F. 
equal  to  E  volts, 
and  a  galvanoscope 
G,  and,  if  one,  or 
both,  of  the  ends  of 
Fig.  213.  this  second  circuit 

be  moved  along  the 

wire  JK  composing  the  first  circuit  until  no  current 
passes  through  the  galvanoscope  G,  we  know  that  E  is 
equal  and  opposite  to  the  P.D.  between  L  and  M,  or 


If,  now,  a  second  cell  of  E.M.F.  equal  to  E'  volts,  and 
a  second  galvanoscope,  G',  be  attached  to  two  other  points, 
u,  v,  of  the  wire  J  K  (Fig.  214),  the  points  u  and  v  being 
so  selected  by  trial  that  no  current  passes  through  this 
galvanoscope,  and  if  r'  be  the  resistance  of  the  wire  u  v 
in  ohms,  then 

E'  =  A/ 


'    '    E'  ~  r'  ' 

and  hence  the  two  E.M.Fs.  can  be  compared  without 
our  knowing  the  value  of  the  current  flowing  through 


F'g  214.  -Diagram  illustrating  Poggendorff's  Method  for  comparing  E.M.Fs. 

the  wire  J  K.     If  the  wire  J  K  is  everywhere  uniform  in 
material,  cross-section,  and  temperature,  the  resistances 
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r  and  r'  are  simply  proportioned  to  the  lengths  LM 
and  u  v,  so  that  the  E.M.Fs.  of  the  batteries  are 
simply  proportioned  to  the  lengths  of  L  M  and  u  v. 

Of  course,  care  must  be  taken  to  attach  the  cells 
whose  E.M.Fs.  we  desire  to  compare  in  such  a  way 
that  their  E.M.Fs.  tend  to  oppose  the  potential 
differences  between  L  and  M  and  between  u  and  v 
respectively,  since,  if  either  of  the  cells  be  attached  in 
the  opposite  way,  no  two  points  can,  of  course,  be 
found  such  that  the  current  passing  through  the 
galvanoscope  attached  to  that  cell  is  nought. 


Fig.  215.— Diagram  illustrating  PoggendorfTs  Method  for  comparing  E.M.Fs. 

If  the  generator  used  to  produce  the  current  through 
the  wire  J  K  be  such  that  the  current  is  maintained 
quite  constant,  there  is  no  occasion  to  use  two  galvano- 
scopes,  as  the  points  L  and  M  can  be  ascertained  with 
the  first  cell,  and  then  the  points  u,  v  with  the  second, 
such  that  in  each  case  no  current  passes  through  the 
galvanoscope.  Further,  it  is  not  necessary  that  the 
lengths  L  M  and  u  v  should  be  taken  from  wholly 
different  parts  of  the  wire  J  K,  as  in  Fig.  214 ;  for  M  and 
V  may  be  the  same  point,  as  in  Fig.  215.  The  key  k 
is  depressed  and  the  contact  point,  L,  is  altered  until  no 
current  passes  through  the  galvanoscope  G,  then  the  key 
k'  is  depressed  and  the  contact  point  u  is  altered,  until 
again  no  current  passes  through  the  galvanoscope,  when 

E  length  of  wire  LV 

E'    "  "    length  of  wireUV' 
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The  accuracy  of  the  method  will  be  the  greater  the 
longer  are  the  wires  L  v  and  u  v,  because  any  given 
small  error  in  the  position  of  one  of  the  sliders  corre- 
sponding with,  say,  a  millimetre  in  the  length  of  the  wire, 
will  represent  a  less  proportional  error  in  the  length, 
and  so  r  and  r  can  the  more  accurately  be  compared. 
Hence,  it  is  desirable  to  make  the  wire  J  K  as  long  as 
possible,  and  to  send  through  it  a  steady  current,  of  such 
a  strength  that  the  P.D.,  between  its  extreme  ends,  is  just 
equal  to  the  larger  of  the  two  E.M.Fs.  to  be  compared. 

This  arrangement,  devised  by  Poggendorff  for  the 
comparison  of  P.Ds.,  is  sometimes  called  a  "  potentio- 
meter" It  may  conveniently  be  used  for  the  calibration 
of  a  voltmeter,  but  it  is  desirable  to  arrange  the  appa- 
ratus differently,  depending  on  whether  we  desire,  as  in 
§  154,  to  determine  the  absolute  value  in  volts  which 
correspond  with  fixed  points  on  the  voltmeter  scale,  or 
whether,  as  in  §  155,  it  is  the  deflections  corresponding 
with  fixed  P.Ds.  in  volts  that  wo  wish  to  ascertain. 

154.  Potentiometer  Method  of  Testing  the  Ac- 
curacy of  a  Voltmeter  Scale.— Fig.  216  shows  a  method, 
which  is  based  on  that  devised  by  Poggendorff,  for 
testing  the  accuracy  of  a  scale  of  a  voltmeter  v  in  terms 
of  the  E.M.F.  of  a  standard  cell,  s.  The  illustration  is 
intentionally  somewhat  distorted  in  order  that  the  de- 
tails of  the  key  c  H  L  may  be  clearly  seen ;  in  reality, 
however,  the  base-board  and  the  wire  J  K,  which  is 
stretched  on  it  zig-zag  fashion,  are  much  longer  than 
they  appear  to  be  in  Fig.  216.  This  wire  is  made  of 
platinum-iridium,  as  the  hardness  of  that  alloy  tends  to 
prevent  its  surface  being  worn  by  the  pressure  of  the 
contact-maker  c  of  the  key,  and  the  wire  is  drawn  by 
the  manufacturer  so  as  to  have,  as  nearly  as  possible, 
the  same  diameter  everywhere ;  but,  as  it  is  practically 
impossible  to  draw  a  wire  several  metres  long  quite 
uniform  in  diameter  throughout,  in  consequence  of  the 
slight  wearing  of  the  draw-plate,  the  relative  resistance 
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of  each  inch  of  the  wire  should  be  carefully  tested  by 
some  method  such  as  that  given  in  the  next  section,  and 
recorded  for  future  reference. 

B  is  a  battery  of  cells  that  will  send  through  the 
resistance  ^  and  the  wire  J  K  a  fairly  constant  current, 
and  produce  between  the  points  J  and  K  a  P.D.  as  large 
as  the  voltmeter  v  is  intended  to  be  calibrated  for.  In 
circuit  with  the  standard  cell,  s,  preferably  of  the  Clark 


Fig.  216.— Potentiometer  Method  for  Testing  a  Voltmeter. 

type,  and  the  delicate  galvanometer  G,  there  is  inserted 
a  resistance  r2  sufficiently  large  to  keep  the  current 
passing  through  the  cell  small  even  when  the  point  of 
contact  of  the  key  with  the  wire  J  K  is  at  some  distance 
away  from  the  position  that  gives  no  current  through 
the  cell  and  galvanometer.  If  s  is  a  Clark's  cell  r2 
should  be  not  less  than  about  2,000  ohms. 

To  make  a  measurement  the  plug  p  is  inserted,  and 
the  resistance  ^  is  adjusted  until  the  P.D.  between  the 
ends  of  the  wire  J  K  produces  the  required  deflection  of 
the  voltmeter.  The  handle  H  of  the  key  is  then  de- 
pressed for  an  instant  when,  if  there  be  any  deflection  of 
the  galvanometer,  the  handle  H  is  liberated  and  the  key 
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slid  in  the  proper  direction  along  the  wire  J  K,  and  con- 
tact again  made,  and  so  on,  until  a  point  M  is  found  such 
that  no  current  passes  through  the  galvanometer  on 
depressing  H.  Then,  if  E  be  the  E.M.F.  of  the  standard 
cell  in  volts  at  the  temperature  at  which  the  test  is 
made,  the  true  value  of  the  P.O.  which  is  producing  the 
voltmeter  deflection  is  given  by  the  expression 

resistance  of  the  whole  wire  J  K 

x  E  volts, 
resistance  of  the  portion  J  M 

The  resistance  r^  is  now  altered  so  as  to  produce 
another  deflection  of  the  voltmeter,  and  the  position  of 
the  key  again  adjusted  until  no  current  flows  through 
the  galvanometer  on  depressing  n,  &c. 

In  order  to  enable  the  contact-maker  c  to  touch  any 
one  of  the  five  wires  composing  j  K,  c  can  be  slid  along 
the  slot  in  the  lever  L  of  the  key  at  right  angles  to  the 
wires  ;  and,  to  prevent  the  platinised  knife-edge,  attached 
to  the  lower  part  of  c,  being  pressed  too  hard  against  the 
stretched  wire,  and  damaging  it,  the  flat  spring  s  is  made 
rather  weak.  Hence,  on  depressing  H,  first  the  knife-edge 
attached  to  c  comes  into  contact  with  the  wire,  and,  on 
still  further  depressing  H,  the  lever  turns  about  the  knife- 
edge  until  it  comes  against  the  stop  placed  underneath  it. 

As  the  accuracy  of  the  preceding  method  is  quite 
independent  of  the  current  passing  through  the  volt- 
meter, the  method  can  be  employed  either  with  a  volt- 
meter of  high  resistance  or  with  one  of  low  resistance, 
and  therefore  passing  an  appreciable  current.  Further, 
the  method  may  be  made  very  sensitive,  since  the  whole 
of  the  wire  JK  is  employed  in  determining  the  value 
in  volts  of  each  point  of  the  voltmeter  scale.  But  it 
possesses  the  disadvantage  that  a  fresh  adjustment  of 
the  resistance  rl5  as  well  as  a  fresh  adjustment  of  the 
position  of  the  key  c  H  L,  have  to  be  made  for  each  point 
on  the  voltmeter  scale  whose  absolute  value  we  desire  to 
ascertain.  While,  therefore,  the  method  may  very  suit- 
ably be  employed  when  the  relative  calibration  of  a 
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voltmeter  is  already  known,  and  the  absolute  value  of 
one  point  only  has  to  be  determined,  it  is  somewhat 
tedious  to  use  when  many  points  of  the  scale  have  to 
be  calibrated  absolutely. 

155.  Foster's  Method  of  Subdividing  a  Wire  into 
Lengths  having  Equal  Resistances.  —  The  stretched  wire 
of  a  potentiometer,  or  of  a  Wheatstone's  bridge,  can  be 
easily  calibrated  by  using  the  following  method,  due  to 
Prof.  G.  C.  Foster.  Let  what  are  called  the  "  unknown" 
and  "known"  resistances  in  Fig.  127,  page  248,  have 
values  of  a  and  b  ohms  respectively,  these  values  not 
differing  much  from  one  another  ;  and  let  coils,  having 
resistances  of  x  and  y  ohms  respectively  which  also  do 
not  differ  much  from  one  another,  be  inserted  in  place 
of  the  short-circuiting  pieces,  sl  and  S3,  in  Fig.  127. 
Move  the  sliding  key,  K,  until  balance  is  obtained,  at 
some  point,  p  say,  and  let  the  resistances  of  the  two 
portions  of  the  whole  wire,  ivw,  on  the  two  sides  of  the 
point  P  be  I  and  m  ohms  respectively,  then 

a         x+  I 
b   "  y  +  m 

Next  interchange  the  coils  having  resistances  x  and 
y  ohms,  but  not  the  other  pair,  and  move  the  sliding  key, 
K,  to  a  new  point,  p'  say,  at  which  balance  is  obtained, 
and  let  the  resistances  of  the  two  portions  into  which 
the  wire  is  divided  be  now  I'  and  m'  ohms,  then 


x  -  y  4 

b 

x  +  I 

"  x  +  w" 
3HHJL 

Z'  -  w' 

y  +  m 

-  I  —  m 

x  -f-  m'  ' 
2/  -  &  + 

hence  - 

"'  x  +  y  +-  I  +  m  —  x  +  y  +  V  +  m' 

Now      I  +  m  =   I'  +  m', 
since   each    expression    is   the  resistance  of   the  whole 

wire,  therefore  also  /       />  / 

t  —  I   •=•  m  —  m. 

E 
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But  each  of  the  latter  expressions  is  the  resistance  of  the 
wire  between  the  points  P  and  p',  at  which  the  sliding  key 
was  placed  in  the  two  tests  to  obtain  balance;  consequently, 

2  x  resistance  of  wire  PP'  =  2  (x  —  y), 
or,         resistance  of  wire  P  P'  =  x  —  y. 

Next,  vary  slightly  the  value  of  &,  or  of  b,  by  shunting, 
for  example,  the  coil  marked  "unknown,"  or  the  coil 
marked  "  known,"  in  Fig.  127,  and  repeat  the  preceding. 
Then  two  new  points  Q  and  Q'  in  the  wire  will  be  found 
such  that 

resistance  of  wire  Q  Q'  =  x  —  y. 

Consequently, 

resistance  of  wire  Q  Q'  =  resistance  of  wire  P  p'. 

In  this  way,  then,  the  wire  may  be  subdivided  into 
any  desired  number  of  portions,  all  having  exactly  the 
same  resistance — viz.  that  equal  to  the  difference  between 
the  resistances  of  the  coils  which  are  interchanged  in 
the  test. 

The  resistances  of  the  metal  strips  connecting  the 
parts  of  the  bridge  together,  as  well  as  the  resistances  of 
the  contacts  at  the  ends  of  the  coils,  and  at  the  ends  of 
the  wire,  w  w,  are  included  in  the  resistances,  a,  b,  x,  y> 
I,  m,  I',  m'.  But  the  actual  values  of  these  contact  re- 
sistances do  not  affect  the  answer,  since  this  only  in- 
volves the  resistance  of  a  piece  of  the  wire  w  w  and  the 
difference  between  the  resistances  of  two  coils.  It  is 
very  important,  however,  that  no  change  occurs  in  any 
one  of  the  contact  resistances  while  the  tests  are  being 
made  ;  for  if  such  a  variation  occurred  comparable  in 
magnitude  with  the  values  of  the  resistances  of  the  coils, 
&c.,  some  one  or  more  of  the  equations  given  above 
would  be  incorrect,  and,  therefore,  we  could  not  conclude 
that  the  resistance  of  the  piece  of  the  wire  between  the 
points  Q  and  Q'  was  equal  to  that  of  the  piece  between 
the  points  p  and  p'. 
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It  would  not,  therefore,  be  a  good  plan  to  attach  the 
ends  of  the  interchangeable  coils  to  the  rest  of  the  bridge, 
by  means  of  the  screws  and  nuts  that  are  used  to  hold 
the  short-circuiting  pieces,  s1}  S2,  in  Fig.  127;  for  such  a 
mode  of  attachment  might  introduce  an  alteration  in  the 
contact  resistances  when  the  coils  were  interchanged  in 
position.  A  better  plan  would  be  to  employ  four  metal 
mercury  cups,  each  being  fitted  with  a  lug  suitable  for 
being  held  by  one  of  the  screws  and  nuts,  and  to  con- 
struct the  terminals  of  the  movable  coils  in  the  form  of 
thick  rods,  like  the  terminal  rods,  w,  w,  of  the  standard 
coil  (Fig.  134,  page  276).  Then,  if  the  mercury  cups,  as 
well  as  the  ends,  E,  E,  of  the  rods,  were  well  amalgamated, 
and  if  the  ends  not  merely  dipped  into  the  mercury  in  the 
cups,  but  also  pressed  on  the  metallic  bottoms  of  the  cups, 
the  contact  resistances  would  be  so  small  that  any  small 
percentage  change  in  them  would  be  quite  negligible. 

In  the  preceding  the  wire  to  be  calibrated  is  sup- 
posed to  form  part  of  a  Wheatstone's  bridge ;  but  if  that 
is  not  the  case — if,  for  example,  the  stretched  wire  belongs 
to  a  potentiometer,  as  in  Fig.  216,  page  511 — then  it 
must  be  joined  up  to  a  Wheatstone's  bridge  so  as  to  take 
the  place  of  the  bridge  wire.  But  this  can  be  done  with 
two  pieces  of  connecting  wire  attached  to  the  binding 
screws  at  the  points  J  and  K  of  the  potentiometer,  and  to 
binding  screws  at  the  ends  of  the  bridge,  since  the 
resistance  of  such  connecting  wires,  if  constant,  will  not 
affect  the  calibration  of  the  potentiometer  wire  with 
Foster's  method. 

With  such  a  combination,  then,  there  is  no  necessity 
to  spread  out  the  metal  strips  in  line  as  shown  at  the 
back  of  Fig.  127,  page  248,  and  the  arrangement  can  be 
made  much  more  compact  by  fixing  five  metal  bars  ah, 
cde,  fjk)  Imn,  and  pq  side  by  side.  Binding  screws  are 
soldered  to  the  strips  at  the  points  a,  d,  jt  m,  and  r/, 
the  binding  screws  at  a  and  q  being  for  the  purpose  of 
connecting  the  bridge  arrangement  with  the  poten- 
tiometer, at  d  and  m  for  the  battery,  and  at  j  for  the 
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wire  coming  from  one  end  of  the  galvanometer.  At  the 
points  b,  c,  e,  f,  k,  I,  n,  and  p  mercury  cups  are  soldered 
to  the  metal  strips  at  such  distances  apart  that  the  cups 
are  suitable  for  receiving  the  ends  E,  E,  of  the  terminal 
rods  w,  \v,  of  the  four  resistance  coils  respectively  which 
are  used  with  the  Foster's  method,  and  which  may  all  be 
constructed  as  shown  in  Fig.  134,  page  276. 

156.  Potentiometer  Method  of  Graduating  a  Volt- 
meter in  terms  of  the  E.M.F.  of  a  Clark's  Cell— Let 


Fig.  217.— Potentiometer  Method  of  Graduating  a  Voltmeter  with  a 
Clark's  Cell. 

QR  (Fig.  217)  be  a  resistance  box  with  which  any  re- 
sistance can  be  employed  up  to,  say,  150  ohms  subdivided 
to  O'l  ohm ;  and  let  RS  be  a  second  box  with  which  any 
resistance  can  be  employed  up  to,  say,  60  ohms  subdivided 
to  0*1  ohm  ;  and  let  ST  be  a  third  box  containing  coils  of 
equal  resistance,  say,  of  100  ohms  each.  As  a  shunt  tc 
the  resistance  box  Q  R,  place  the  Clark's  cell  c  in  series 
with  the  galvanometer  G  and  any  suitable  resistance  r0 ; 
then  if  the  E.M.F.  of  the  cell  be,  say,  1'442  volt  at  the 
temperature  of  the  experiment,  unplug  144 '2  ohms  in 
box  Q  R  and  200-144-2,  or  55*8  ohms,  in  box  R  s.  Next 
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adjust  the  number  of  cells  in  the  battery  B,  or  the  resistance 
rl5  so  that  no  current  passes  through  the  galvanometer 
G  ;  then  the  P.D.  between  the  points  Q  and  s  will  be 
exactly  2  volts,  and  the  P.D.  between  the  terminals  of 
any  one  of  the  100-ohm  coils  in  the  box,  s  T,  will  be 
exactly  1  volt.  Hence,  P.Ds.  increasing  by  exactly  1 
volt  can  be  applied  to  the  voltmeter,  and  the  correspond- 
ing deflections  which  they  produce  on  the  instrument 
noted  and  recorded.  For  example,  suppose  the  terminals 
of  the  voltmeter  v  be  joined  to  the  points  Q  and  u,  where 
s  u  contains  9  of  the  100-ohm  coils,  then  the  P.D.  between 
the  voltmeter  terminals  will  be  exactly  11  volts. 

And  it  is  to  be  noticed  that  the  preceding  is  true  even 
if  the  voltmeter,  v,  allows  a  considerable  current  to  pass 
through  it,  for,  although  in  that  case  the  current  through 
the  resistance  u  T  will  be  greater  than  that  through  the 
resistances  Q  R,  RS,  and  su,  the  current  through  each  of 
the  latter  will  be  the  same.  Hence,  no  matter  what 
current  flows  through  the  voltmeter,  v,  the  P.D.  between 
the  points  Q  and  u  will  bear  to  the  P.D.  between  the 
points  Q  and  R  the  'ratio  that  the  resistance  Q  u  bears  to 
the  resistance  Q  R.  In  fact,  the  only  effect  produced  by 
the  resistance  of  the  voltmeter  not  being  very  large 
compared  with  that  of  the  part  of  the  potentiometer  it 
is  placed  across,  will  be  that,  as  one  of  the  voltmeter 
terminals  is  shifted  along  the  resistance  box,  it  will  be 
necessary  to  alter  the  resistance  rl  in  order  to  keep  the 
galvanometer  current  zero.  Whereas,  if  the  resistance 
of  the  voltmeter  be  high  compared  with  that  of  Q  T,  the 
point  of  contact  u  may  be  shifted  between  the  points  R 
and  T  without  disturbing  the  balance. 

Further,  if  the  resistance  of  the  voltmeter  be  so  large 
that  the  current  passing  through  it  is  inappreciable  com- 
pared with  that  flowing  through  the  potentiometer  itself, 
the  point  of  contact  u  may  be  placed  actually  between 
the  points  Q  and  R  without  affecting  the  accuracy  of  the 
test.  For  example,  the  terminals  of  such  a  high  resist- 
ance voltmeter  may  be  joined  with  the  points  Q  and  u', 
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and,  if  the  resistance  of  Q  u'  be  10  ohms,  for  example,  the 
P.D.  maintained  between  the  voltmeter  terminals  will  be 
0-1  volt. 

From  the  preceding  it  would  appear  that  the  cali- 
bration of  a  voltmeter  would  be  facilitated  by  using 
smaller  resistances  throughout  in  the  potentiometer — for 
example,  by  making  each  of  the  coils  in  the  box  s  T  of  10 
ohms  instead  of  100  ohms,  and  by  unplugging  resistances 
of  14'42  and  5-58  ohms  in  the  boxes  Q  R  and  RS  instead 
of  144*2  and  55-8  ohms  respectively.  The  employment 
of  such  smaller  resistances  would,  however,  be  attended 
with  the  disadvantage  that  for  the  same  P.D.  between 
the  points  Q  and  T  the  potentiometer  would  have  to 
carry  far  larger  currents,  and,  therefore,  there  would  be  a 
much  greater  risk  of  variation  of  the  resistances  through 
heating  ;  secondly,  that,  if  an  accuracy  of  1  in  1000 — that 
is,  of  one-tenth  per  cent. — were  desired,  the  coils  would 
have  to  be  adjusted  to  about  O'Ol  ohm,  if  the  unit  10 
ohms  were  employed  instead  of  that  of  100  ohms,  and 
the  boxes  Q  R  and  R  s  would  have  to  be  subdivided  to 
O'Ol  ohm,  if  the  unit  10  ohms  were  employed;  whereas 
with  the  unit  of  100  ohms  an  accuracy  of  one-tenth  per 
cent,  can  be  attained  with  coils  adjusted  to  O'l  ohm,  and 
with  the  boxes  Q  R  and  R  s  subdivided  to  O'l  ohm. 

If,  however,  an  accuracy  of  only  about  1  per  cent, 
were  sufficient,  the  unit  of  10  ohms  might  be  employed, 
and  resistances  of  14 -4  and  5-6  ohms  unplugged  in  the 
boxes  Q  R  and  R  s  respectively. 

With  the  following  modification  of  the  preceding 
method,  an  accuracy  of  about  one-tenth  per  cent,  can  be 
obtained  without  using  coils  having  a  resistance  as  high 
as  100  ohms,  or  as  low  as  O'Ol  ohm.  The  box  ST  (Fig. 
217)  is  composed  of  a  number  of  10-ohm  coils,  each 
correct  to  O'Ol  ohm  ;  the  boxes  Q  R  and  R  s  contain  about 
150  ohms  and  GO  ohms  respectively,  subdivided  to  1  ohm, 
and  correct  to  O'Ol  ohm;  and  the  boxes  QR  and  RS, 
instead  of  being  joined  directly  together  as  in  Fig.  217, 
arc  connected  by  a  length  of  platinum-iridium  wire  having 
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1  ohm  resistance  and  divided  accurately  into  100  parts 
having  equal  resistances.  If,  then,  the  E.M.F.  of  the 
Clark's  cell,  at  the  temperature  of  the  experiment,  were, 
say,  1*439  volt,  14  ohms  would  be  employed  in  the  box 
Q  R,  5  ohms  in  the  box  R  s,  and  the  lead  attached  to  the 
Clark's  cell  c  would  be  connected  with  a  point  in  the 
platinum-iridium  wire  distant  from  the  end  of  the  box 
Q  R  by  0-39  of  the  length  of  this  wire ;  or,  more  strictly, 
the  point  in  this  platinum-iridium  wire  which  divided  it 
into  two  parts  having  resistances  of  0*39  ohm  and  0-61 
ohm  respectively  would  be  connected  with  the  Clark's  cell. 

157.  Use  of  a  Clark's  Cell  and  a  Known  Resistance 
as  a  Standard  of  Current. — In  §  53,  page  188,  we  saw 
that  a  voltmeter  in  parallel  with  a  fixed  resistance  could 
be  used  as  an  ammeter.  If,  now,  the  voltmeter  v  of 
Fig.  92,  page  189,  be  replaced  with  a  Clark's  cell  arid 
a  galvanometer  G,  so  that  the  strip  XY  of  Fig.  92 
becomes  the  resistance  LM  of  Fig.  213,  page  508;  arid, 
if  the  current  passing  through  the  strip  be  adjusted  until 
no  current  passes  through  the  galvanometer  G,  then  we 
know  that  the  current  flowing  through  the  strip,  and 

TT 

through  any  apparatus  in  series  with  the  strip,  equals  — 

amperes,  where  E  is  the  E.M.F.  of  the  Clark's  cell  in 
volts,  at  the  temperature  of  the  experiment,  and  r  is  the 
resistance  in  ohms  of  the  strip  between  the  points  x  and 
Y.  For  example,  suppose  that  the  length,  width  and 
thickness  of  the  strip  have  been  so  selected  that  the 
resistance  between  the  points  x  and  Y  is  1*434  ohm,  and 
that  the  strip  is  composed  of  manganin  or  platinoid,  so 
that  its  resistance  is  practically  constant  at  all  tempera- 
tures, and  let  the  current  passing  through  the  strip  be 
adjusted  so  that  there  is  no  current  through  the  Clark's 
cell  and  galvanometer,  then  the  current  flowing  through 
the  strip  equals 

1-434  {1  -  0-00077  (t  -  15°)}   -      -  amperes. 

1  "4o4 
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Hence,  at  15°C.  the 
current  flowing 
through  the  strip, 
when  the  galvano- 
meter deflection  is 
zero,  equals  1  ampere. 
An  ingenious  de- 
vice has  been  carried 
out  by  Mr.  R.  E. 
Crompton  for  mak- 
ing the  resistance 
between  two  points 
of  such  a  strip  have 
exactly  the  desired 
value.  First,  two 
points  are  sought  for 
in  the  strip  between 
which  the  resistance 
is  too  large  —  that 
is  to  say,  when  a 
given  current  is  sent 
through  the  strip  the 
P.D.,  as  measured 
with  a  high  resistance 
voltmeter,  in  volts,  is 
larger  than  the  pro- 
duct of  the  current 
in  amperes  into  the 
required  resistance  in 
ohms  —  then  short 
saw- cuts,  a  £>,  a'  V 
(Fig.  218),  are  made 
at  these  points  at 
right  angles  to  the 
length  of  the  strip, 
and  next  saw-cuts  ac, 
1)  el,  ac',  b'd",  parallel  to  the  length  of  the  strip  so  as 
to  form  two  Jittle  peninsulas  cabd,  c'db'd'.  As  these 


Fig.  218.— Crompton  Standard  Resistance 
used  in  measuring  a  Current. 
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little  peninsulas  only  make  electric  connection  with  the 
strip  along  the  lines  c  d  and  c  d',  the  potential  of  any 
point  of  either  of  the  peninsulas  will  be  the  same  as 
that  of  the  strip  at  the  line  of  junction.  Hence  on 
making  the  longitudinal  saw-cuts  ac,  bd,  a'c,  b'd', 
longer  and  longer  until,  on  passing  a  known  steady 
current  through  the  strip,  the  P.D.  between  the  little 
peninsulas  c  a  b  d,  c'a'&'d',  equals  the  product  of  the 
current  in  amperes  into  the  required  resistance  in  ohms, 
we  arrive  at  two  lines  c  d,  c'  d',  in  the  strip  between 
which  the  resistance  has  exactly  the  required  value. 

For  the  subsequent  attachment  of  the  voltmeter 
wires  a  small  hole  is  drilled  anywhere  in  each  of  the 
peninsular  pieces,  and  the  screw  of  a  brass  terminal 
passed  through  the  hole  and  clamped  with  a  nut  on  the 
other  side  of  the  strip.  To  prevent  this  nut,  or  the 
metallic  shoulder  of  the  terminal,  electrically  connecting 
the  peninsula  with  the  strip  ebonite  washers  are  inserted, 
as  indicated  at  the  lower  right-hand  corner  of  Fig.  218. 

158.  Calibrating  a  Galvanometer  by  using  Known 
Resistances  and  a  Cell  of  Constant  E.M.F. — There  are 
four  convenient  methods  of  calibrating  a  galvanometer 
by  using  known  resistances.  The  first  consists  in  em- 
ploying the  arrangement  illustrated  in  Fig.  91,  page  186, 
for  calibrating  a  voltmeter;  in  the  second,  the  same 
method  is  employed,  only  the  ammeter  A  in  Fig.  91 
is  dispensed  with,  and  the  constancy  of  the  current 
flowing  through  the  circuit  B1B2B3B±  is  ensured,  and,  if 
desired,  its  value  is  ascertained  by  employing  a  Clark's 
cell  and  a  galvanometer  to  test  zero  current  as  in  Fig. 
217,  page  516;  the  third  plan  is  based  on  employing 
known  resistances  and  a  constant  P.D.,  as  in  §  95,  page 
287  ;  while  in  the  fourth,  the  device  giving  a  constant 
P.D.  is  replaced  by  a  cell  having  an  E.M.F.  which  does 
not  change  when  the  cell  is  used  to  produce  a  current. 

Let  the  value  of  this  constant  E.M.F.  be  E  volts,  and 
let  c  ohms  be  the  resistance  of  the  cell;  then  if  dL°t  J2°,  J3°, 


522  PRACTICAL    ELECTRICITY.  [Cliap.  VI. 

&c.,  be  the  deflections  on  the  galvanometer,  when 
»*,,  r2,  r3,  &c.,  ohms  are  the  resistances  respectively  in 
the  resistance  box,  R  (Fig.  140,  page  288),  we  know  that 
the  currents  producing  these  deflections  are  respectively 

E  E  E 

— ,  — ,    •  — ,  <fec.,  amperes, 

so  that  an  absolute  calibration  curve  can  be  drawn  for 
this  galvanometer. 

If  the  E.M.F.  of  the  cell  is  not  known  in  volts,  but 
if  we  are  sure  that  it  is  constant,  we  can  draw  the 
relative  calibration  curve,  although  not  the  absolute  one. 

In  order  to  see  quickly  the  kind  of  law  connecting 
deflection  and  current  for  any  particular  galvanometer, 
it  is  convenient  in  making  this  experiment  to  unplug 
resistances  in  the  box  R,  such  that  c  -f  g  +  r2  equals 
2  (c  +  9  +  ri)>  c  +  9  +  rB  equals  J  (c  +  g  +  rj,  &c., 
since  in  that  case  the  second  current  is  double  the  first, 
the  third  thrice  the  first,  &c.  Of  course,  rl  should  be 
chosen  so  that  the  deflection  corresponding  with  this 
resistance  is  a  conveniently  small  one,  for  example, 
about  10°  with  an  ordinary  galvanometer  having  a  scale 
reading  up  to  90°. 

159.  Constant  P.D.  and  Constant  E.M.F.  —  In 
Chapters  IV.  and  V.  a  constant  P.D.  was  frequently 
spoken  of,  and  it  was  mentioned  in  §  95,  page  287,  that 
a  galvanic  cell  or  battery  of  low  internal  resistance 
maintained  automatically  a  constant  P.D.  between  its 
terminals.  This  arises  from  the  fact  that,  if  a  battery 
have  an  E.M.F.  of  E  volts  and  a  resistance  of  b  ohms, 
and  if  V  be  the  P.D.  in  volts  between  its  terminals 
when  the  battery  is  sending  a  current  through  an 
external  resistance  of  x  ohms, 


as  shown  in  §  119,  page  364.     Consequently,  as  long  as 
b  is  small  compared  with  x,  V  is  practically  equal  to  E, 
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and  is,  therefore,  constant  for  a  cell  whose  E.M.F.  is 
practically  independent  of  the  current  flowing. 

When,  however,  b  is  not  negligible  compared  with  x, 
V  will  not  be  constant  even  although  E  is.  But,  as 
seen  from  Fig.  173,  page  377,  the  current  and  the 
distribution  of  potential  outside  a  battery  will  not  be 
altered  if  we  assume  that  the  entire  E.M.F.  of  the 
battery  is  produced  at  one  point  G,  and  has  a  value  G  w, 
instead  of  being  made  up  of  G  H,  u,  K  L,  the  E.M.Fs. 
of  the  separate  cells.  So  that  if  G  T,  which  represents 
b  the  resistance  of  the  battery,  be  regarded  as  part  of 
the  external  resistances,  we  may  say,  as  regards  all  points 
outside  the  battery,  that  the  combination  is  the  same 
as  if  a  cell  of  infinitely  small  resistance,  and  possessing 
an  E.M.F.  of  E  volts,  were  placed  between  the  terminals 
of  an  external  circuit  having  a  resistance  of  b-\-  x  ohms. 
Or,  as  far  as  points  outside  the  battery  are  concerned, 
the  combination  acts  as  if  a  fixed  P.D.  of  E  volts  were 
maintained  between  the  terminals  of  a  resistance  of 
b  +  x  ohms. 

Hence,  the  method  of  calibrating  a  galvanometer 
described  in  §  95,  page  287,  is  exactly  the  same  as  that 
contained  in  §  158,  page  522,  if  each  resistance  g  +  r 
in  the  former  is  replaced  by  c  +  ^  +  r  in  the  latter 
when  c  is  the  resistance  of  the  cell  employed.  Similarly, 
all  the  formulae  connected  with  the  "Increase  of  the 
Main  Current  Produced  by  Applying  a  Shunt"  in  §  101, 
page  298,  which  were  obtained  on  the  assumption  that 
a  constant  P.D.  of  V  volts  was  maintained  between 
the  terminals  of  a  circuit  consisting  of  a  resistance  of 
m  ohms  in  series  with  the  galvanometer,  can  be  con- 
verted into  formulae  to  be  employed  with  a  battery 
having  a  constant  E.M.F.  of  E  volts,  and  a  constant 
resistance  of  b  ohms,  by  replacing  the  V  by  E  and  the 
m  by  b  +  m. 

Example  149. — If  the  resistance  of  a  galvanometer 
be  1,000  ohms,  what  must  be  the  resistance  of  a  shunt 
to  dimmish  the  current  passing  through  the  galvan- 
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ometer  to  one-half,  first,  when  the  resistance  of  the 
battery  is  30  ohms  and  that  of  the  rest  of  the  circuit 
is  99,970  ohms  ;  secondly,  when  the  battery  has  the 
same  resistance,  but  the  resistance  of  the  rest  of  the 
circuit  is  only  70  ohms  ? 

Answer.  —  The  formula  given  on  page  299, 

Gg   _         8  (m  +  y) 
G]        m  (g  +  s)  +  g  s 

becomes  in  this  case 

1  .  .  s  (30  +  99,970  +  1,000) 

2  (30  +  99,970)71^000  +  «)  +  1,000  s 

tnd        !  •=  °  (3°  +  7°  +  1?OQ°) 

2        (30  -f  70)  (1,000  +  s)  +  1,000  s 

in  the  two  divisions  of  the  question  respectively.  There- 
fore, the  two  values  of  s  are  respectively  990-1  and  90'9 
ohms,  the  former  being  a  little  less  than  the  resistance 
of  the  galvanometer,  while  the  latter  is  not  one-tenth  as 
large. 

Example  150.  —  What  must  be  the  resistance  of  a 
galvanometer  relatively  to  that  of  the  rest  of  the  circuit, 
including  the  battery,  so  that  shunting  the  galvanometer 
with  a  quarter  of  its  own  resistance  may  halve  the 
current  passing  through  it  ? 

Answer.  —  Here  the  formula  of  page  399  becomes 


consequently,  g  =  3  (b  -f  m). 

Example  151.  —  A  galvanometer  having  a  resistance 
of  240  ohms  is  in  series  with  a  coil  of  resistance  1,427 
ohms  and  a  cell  of  resistance  11  ohms.  If  the  galvan- 
ometer be  now  shunted  with  a  resistance  of  165  ohms, 
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by  how  much  per  cent,  will  the  current  passing  through 

the  galvanometer  be  diminished  ] 
Answer. — 

Oj    _  165  (11  +  1,427  +  240) 

GI  =~  (11  +  1,427)  (240  +  165)  +  240  x  165 
=  0-4451  ; 

therefore,  the  current  through  the  galvanometer  will  be 

diminished  by  about  55  per  cent. 

160.  Independence  of  Currents  in  Parallel  Circuits. — 
In  §§  98,  99,  and  101,  pages  291 
to  302,  it  was  seen  that,  if  a 
constant  P.D.  were  maintained 
between  the  ends  of  a  circuit 
consisting  of  a  resistance  m  in 
series  with  a  group  of  resist- 
ances a,  c,  d,  &c.,  in  parallel 
with  one  another  (Fig.  142,  page 
293),  the  current  through  any 
one  of  these  parallel  resistances 
would  be  independent  of  the 

currents  flowing  through  the  remainder  provided  that 

m  was  small  compared  with 

TTTTJUIT 

a          c  a 

Hence,  if  instead  of  a  constant  P.D.  being  main- 
tained between  the  ends  of  a  circuit,  a  group  of  re- 
sistances be  joined  in  parallel  with  a  battery  of  re- 
sistance b  (Fig.  219),  the  current  through  any  one  of 
the  resistances  will  be  independent  of  the  current 
passing  through  the  remainder  provided  that  b  be  small 
compared  with 
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and  that  the  E.M.F.  of  the  battery  is  constant.  For 
example,  if  E  be  the  value  in  volts  of  this  constant 
E.M.F.,  and  b  be  small,  the  current  through  any  one  of 
the  resistances  d  is  practically  equal  to 

E 

7' 

whatever  may  be  the  values  of  a,  c,  &c. 

In  Fig.  149,  page  301,  it  was  assumed  that  the  P.D. 
was  kept  practically  constant  at  the  junction  of  the 
street  mains  s  with  the  house  mains  H,  and  it  was  seen 
that  if  the  resistance  of  the  house  mains  H  and  of  the 
leads  I  was  small  compared  with  the  resistance  of  the 
glow-lamp  filaments,  the  current  through  any  one  lamp 
was  practically  unaffected  by  turning  other  lamps  on 
or  off. 

It  would,  however,  be  impossible  for  the  Electric 
Supply  Company  to  keep  the  pressure  absolutely  con- 
stant at  the  junction  of  the  street  mains  s  with  the 
house  mains  H  for  every  house  in  a  district.  For  that 
would  mean  either  no  current  at  all  flowing  through 
the  street  mains  if  the  pressure  supplied  to  every  house 
were  kept  the  same — say,  at  100  volts — or,  if  the  pressure 
supplied  to  different  houses  had  not  the  same  value, 
although  maintained  always  the  same  for  any  particular 
house — in  other  words,  if  the  pressure  at  any  point  in 
the  street  mains  was  kept  constant,  although  not  uniform, 
throughout  the  whole  length  of  the  street  mains — this 
constancy  of  pressure  at  the  junction  of  s  and  H  would 
mean  that  the  current  flowing  through  any  one  section 
of  the  street  mains  was  never  allowed  to  vary,  a  con- 
dition obviously  inconsistent  with  the  freedom  of  each 
householder  to  turn  on  and  oft'  lamps  in  his  own  house. 

The  pressure,  therefore,  between  the  mains  is  kept 
constant  at  one  or  more  points  by  means  of  "feeders," 
or  auxiliary  mains,  which  are  used  not  to  supply  current 
to  houses  attached  to  the  feeders,  but  to  convey  current 
to  points  in  the  street  mains,  and  thus  to  raise  the 
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pressure  between  the  street  mains  at  these  points.  Then, 
by  using  very  thick  copper  conductors  for  the  street 
mains  themselves,  the  pressure  at  any  point  in  them  is 
prevented  from  differing  much  from  the  value  it  has 
where  the  feeders  join  them.  The  street  mains  s  (Fig. 
149,  page  301),  from  which  the  house  mains  H  branch  off, 
may  in  certain  districts  be  likened  to  the  rim  of  a  wheel, 
the  feeders  to  the  spokes,  and  the  hub  on  which  the  ends 
of  the  spokes  are  collected  to  the  Electric  Light  Central 
Station.  Whereas  the  street  mains  belonging  to  other 
supply  companies  terminate  in  the  central  station,  and 
the  feeders  are  then  employed  to  keep  up  the  electric 
pressure  at  the  distant  parts  of  the  mains. 

For  some  hours  during  the  night,  as  well  as  during 
the  day,  the  demand  for  artificial  light  in  shops  and 
houses  is  so  small  that  it  is  not  necessary  to  run  the 
steam-engines  and  dynamos  when  cells  are  available  at 
the  central  station  for  supplying  the  current  required. 
The  cells,  however,  for  the  reason  already  explained, 
must  have  a  small  resistance ;  and,  since  the  resistance 
of  an  accumulator,  a  secondary  cell,  or  "storage  cell" 
as  it  is  indifferently  called,  is  frequently  less  that  O'OOl 
ohm,  this  type  of  cell  is  much  used  in  connection  with 
electric  lighting. 

The  consideration  of  the  independence  of  currents  in 
parallel  circuits  also  explains  why  Grove's  cells,  which, 
as  stated  in  §  135,  page  440,  have  a  small  resistance 
compared  with  that  of  Daniell's,  Minotto's,  and  other 
well-known  cells,  were  employed  in  the  early  clays  in  tele- 
graph offices,  when  the  different  messages  used  to  be 
sent  along  several  telegraph  wires  with  one  battery.  The 
trouble  and  expense,  however,  involved  in  keeping  the 
Grove's  cells  in  order  caused  the  plan  of  working  several 
telegraph  wires  with  one  battery  to  be  abandoned  in 
favour  of  having  a  separate  battery  cf  much  higher 
resistance  to  work  each  line  independently.  But  the 
invention  of  accumulators  by  Plante,  and  the  improve- 
ments that  have  been  effected  in  them  by  Faure,  Swan, 
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Epstein,  and  others,  during  the  last  few  years,  are 
leading  to  a  return  to  the  old  plan  of  several  telegraph 
wires  being  worked  with  one  battery. 

Example  152. — How  many  lamps  in  parallel,  each 
requiring  80  volts,  and  0-6  of  an  ampere,  can  be  sup- 
plied with  current  from  42  accumulators  in  series,  each 
having  2  volts  E.M.F.  on  discharging,  and  0*0048  ohms' 
internal  resistance  ? 

Let  n  be  the  number  of  lamps ;  then,  since  the  total 
current  will  be  n  x  0-6,  we  have 

42  x  2—Ta  x  0-6  x  42  x  0-0048  =  80. 

Answer. — 33. 

Example  153. — If  the  number  of  accumulators  in  the 
last  question  be  increased  by  one,  by  how  many  may  the 
number  of  lamps  be  increased  ? 

Answer. — The  number  of  lamps  may  now  be  484, 
that  is,  may  be  49  all  a  trifle  too  dull,  or  48  some- 
what too  bright,  unless  a  small  resistance  be  introduced. 
The  addition,  therefore,  of  one  accumulator  in  this  case 
increases  the  number  of  lamps  that  can  be  supplied  with 
current  by  one-half. 

Example  154. — If  20  of  the  lamps  in  Example  152 
be  turned  out,  what  will  be  the  P.D.  between  the 
terminals  of  the  remaining  13? 

The  resistance  of  each  lamp  may  be  taken  approxi- 

80 

mately  as  ~— ,   or  133-3,  ohms,  and  of  the  13  lamps  as 
0-o 

10-25  ohms,  although  the  resistance  of  a  glow  lamp  really 
varies  with  the  current  passing  through  it,  and,  therefore, 
with  the  P.D.  maintained  between  its  terminals.  Hence 
the  current  through  this  group  of  lamps  will  be  about 

42  x  0-005  +  10-25'  Or  8'03'  amPeres-  Consequently  the 
P.D.  between  the  terminals  of  the  13  lamps  will  be 
about  8-03  x  10-25,  or  82-3,  volts. 

Answer. — 82 -3  volts. 
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This  question  may  also  be  solved  approximately 
thus  : — Let  us  assume  that  the  current  through  each  of 
the  lamps  is  exactly  0'6  ampere,  even  when  the  P.D. 
between  the  terminals  of  the  group  is  not  exactly  80 
volts,  then  the  required  P.D.  equals 

84  —  13  x  0-6  x  42  x  0-005,  or  82-36,  volts. 
This  result  is  larger  than  80  volts,  therefore  the  current 
through  each  lamp  is  larger  than  0*6  ampere,  and  by 
employing  a  current  of  only  0'6  in  the  negative  term  in 
the  latter  equation  we  have  over-estimated  the  answer. 
Hence,  the  true  P.D.  is  somewhat  less  than  8 2 -36  volts. 

On  the  other  hand,  if  the  answer  had  come  out  less 
than  80  volts,  this  approximate  method  of  calculating 
the  required  P.D.  would  have  given  an  answer  somewhat 
too  small. 

Example  155. — If  a  battery  of  53  accumulators  in 
series  be  used  to  supply  current  to  glow  lamps  in  parallel, 
each  cell,  when  discharging,  having  an  E.M.F.  of  1'95 
volt  and  a  resistance  of  0-0054  ohm,  how  many  glow 
lamps  can  be  turned  on  if  each  lamp  requires  a  P.D.  of 
100  volts  between  its  terminals  and  a  current  of  04 
ampere  passing  through  it  1  Answer. — 29  lamps. 

Example  156. — If  the  number  of  accumulators  in  the 
last  question  be  increased  by  one,  by  how  many  may  the 
number  of  lamps  be  increased? 

Answer. — The  number  of  lamps  may  now  be  45-4; 
that  is,  may  be  46  all  a  trifle  too  dull,  or  45  a  trifle  too 
bright,  unless  a  small  resistance  be  introduced.  The 
addition,  therefore,  of  one  accumulator  increases  the 
number  of  lamps  that  can  be  used  by  about  55  per  cent, 
in  this  particular  case. 

Example  157. — If  there  be  52  accumulators  in  series, 
each  having  an  E.M.F.  of  1'98  volt,  and  a  resistance  of 
0-001  ohm,  and  if  150  lamps  in  parallel  receive  current 
from  them,  each  lamp  requiring  100  volts  at  its  terminals, 
and  0'6  of  an  ampere  passing  through  it  when  properly 
glowing,  how  much  per  cent,  will  the  current  passing 
through  the  lamps  be  too  great  or  too  small  ? 


530  PRACTICAL    ELECTRICITY.  [Chap.  VI. 

100 

The  resistance  of  each  lamp  is  approximately   -^g, 

or  1667  ohms  ;  hence,  the  resistance  of  all  the  lamps  will 

1  ££.7 

be  -  ,  or  !•!  11,  ohm  ;  consequently,  the  current  pass- 
lou 

ing  through  them  will  be  about 
52   x   1-98 


52  x  0-001  +   MI 


!'5' 


The  current  that  ought  to  pass  through  the  lamps  is 
150  x  0'6.  or  90,  amperes.  Hence,  the  current  is  about 
1  '7  per  cent,  too  small. 

Answer.  —  About  1'7  per  cent,  too  small. 

Example  158.  —  How  many  of  the  150  lamps  in  the 
last  question  must  be  turned  off  so  that  the  current 
through  each  of  the  remainder  shall  be  exactly  0'6 
ampere  1 

When  the  current  through  each  of  these  lamps  is 
exactly  0'6  ampere,  the  P.O.  between  the  lamp  terminals 
is  by  hypothesis  exactly  100  volts.  Hence,  if  n  is  the 
number  of  lamps  to  be  left  turned  on,  so  that  150  —  n 
is  the  number  to  be  turned  off,  we  have 

52  x  1-98  —  n  x  0'6  x  52  x  0-001  =  100 

.  •  .  n  =    94. 

Answer.  —  56  lamps  must  be  turned  off. 

Example  159.—  By  how  much  per  cent,  is  the  P.D. 
maintained  between  the  terminals  of  70  glow  lamps  in 
parallel  too  small  if  a  lamp  requires  a  P.D.  of  110  volts 
and  a  current  of  0*3  ampere  to  glow  properly,  and 
55  accumulators  are  employed  each  having  an  .E.M.F. 
of  2  volts  and  a  resistance  of  O'OOl  ohm  ? 

If  V  is  the  P.D.  in  volts  actually  maintained  between 
the  lamp  terminals, 

V  =  110  —  70  x  0-3   x  55  x  0-001  approximately, 
=  108-95. 

Answer.  —  The  P.D.  is  about  1  per  cent,  too  low. 
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Example  160. — A  battery  of  51  accumulators  in 
series,  each  having  an  E.M.F.  of  2  volts  and  a  resistance 
of  0-0005  ohm,  is  joined  across  the  ends  of  a  pair  of 
street  mains  consisting  of  two  conductors  made  of 
copper  of  98  per  cent,  conductivity,  each  conductor 
having  a  cross- section  of  O'l  square  inch  and  the 
temperature  being  20°C.  At  50  and  at  100  yards 
from  the  central  station  there  is  a  house  with  100  glow 
lamps  in  it,  the  lamps  having  a  resistance  of  180  ohms 
apiece.  If  all  the  lamps  in  a  house  are,  for  simplicity, 
assumed  to  be  arranged  in  a  group  together  at  the  end 
of  a  pair  of  house  mains  having  a  joint  resistance  of 
0'02  ohm,  calculate  first  the  current  that  will  flow 
through  a  lamp  in  each  house  when  all  the  lamps  are 
turned  on  ;  secondly,  the  current  that  will  flow  through 
a  lamp  in  the  nearer  house  when  10  lamps  only  are 
turned  on  in  this  house  and  no  lamps  at  all  turned  on 
in  the  farther  house. 

Ansiver. — The  resistance  of  each  50  yards  of  going 
and  return  street  mains  equals  about 

0-fiS    v    3fi    v    100         TOO 
x    iuu   x   J     _   x   (1   4-  20   X   0*004) 

or  0-02499,  ohm, 

and  the  resistance  of  each  house  circuit  when  all  the 
100  lamps  are  turned  on  equals 

1  on 

0-02  4-  _,  or  1-82,  ohm. 
100 

Therefore,  the  resistance  of  the  whole  circuit  when  all 
the  lamps  are  turned  on  in  both  houses  equals 

1-82(0-02499  +  1-82) 
"  F82  4-  0-02499  4-  1-82* 
or  0-9667,  ohm; 

so  that  the  current  flowing  through  the  battery  is 

109 
.^mi,  or  105-5,  amperes. 
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1  •  Q  A  P\ 

Of  this  current,  -^—-^  X   105-5,  or  53-1,  amperes,  flows 

O'DDO 

through  the  lamps  in  the  nearer  house,  and  52 '4  amperes 
through  those  in  the  farther  one.  Hence,  a  current  of 
0-531  ampere  flows  through  each  lamp  in  the  nearer 
house,  and  0'524  through  each  lamp  in  the  farther,  the 
difference  being  about  1  '3  per  cent. 

If  now  all  the  lamps  in  the  farther  house  be  turned 
off,  as  well  as  90  of  those  in  the  nearer  one,  the  current 
through  the  remaining  10  will  be 

102 

51  x  0-0005  +  0-02499.  +  0'02  +  *?? 
or  5  6 '5,  amperes  ; 

so  that  the  current  through  each  of  the  10  lamps  in  this 
nearer  house  is  0'565  ampere,  which  is  about  6-4  per 
cent,  larger  than  the  current  passing  through  these 
lamps  in  the  previous  case. 

Example  161. — If  three  telegraph  wires,  having  re- 
sistances of  200,  250,  and  300  ohms  respectively,  in- 
cluding in  each  case  the  resistance  of  the  "  receiving 
instrument,"  or  the  instrument  by  means  of  which  the 
messages  are  received,  be  worked  by  one  battery  having 
a  resistance  of  20  ohms,  by  how  much  per  cent,  will  the 
current  which  passes  along  the  first  line,  when  no  current 
is  passing  along  either  the  second  or  the  third  lines,  be 
altered  :  1st,  by  a  current  being  sent  along  the  second 
also ;  2nd,  by  a  current  being  sent  along  both  the  second 
and  the  third  lines,  in  addition  to  the  one  sent  along 
the  first  1 

If  E  be  the  E.M.F.  of  the  battery  in  volts,  then  the 
current  AT,  flowing  along  the  first  line  when  no  current 
is  flowing  along  either  the  second  or  the  third,  is 

amperes. 

20  +  200 
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If  a  current  is  also  being  sent  along  the  second  wire, 
the  total  current  flowing  through  the  battery  is 

-200   x   9KQ  Amperes, 

20  4-  _ 

200  +  250 

and  of  this  current  A2,  flowing  along  the  first  line,  is 

250  E 

200  +  250  X  oQ    .    200  x  "250* 
200  +  250 

_    250  E 

20|200  +  250)  +  200  x  250'  3 

Similarly,  if  a  current  is  also  being  sent  along  the  third 
line,  the  current  A3,  flowing  along  the  first  line,  is 

1 

200  E 

amperes. 


or 


+          +  20   + 

200       250  T  300  _1_"       1_          1 

200       250        300 
Therefore,         A1  =  _-  amperes, 

A  E 

A'  ~  236         " 


Answer.  —  Hence,  the  current  flowing  through  the 
first  line  will  be  diminished  by  about  6  -8  per  cent,  by 
allowing  a  current  to  flow  along  the  second  line,  and  by 
about  1  1  '7  per  cent,  by  allowing  a  current  to  flow  along 
both  the  second  and  the  third  lines. 

Example  162.  —  If  two  telegraph  lines  each  have  a 
resistance  of  500  ohms,  including  the  resistance  of  the 
receiving  instrument,  what  may  be  the  greatest  resist- 
ance of  the  battery  employed  to  send  the  current  along 
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both,  so  that  the  current  flowing  along  either  shall  not 
be  diminished  by  more  than  1  per  cent,  by  sending  a 
current  also  along  the  other  1 

Let  E  be  the  E.M.F.  in  volts,  and  b  the  resistance 
of  the  battery  in  ohms,  then  the  current  flowing  along 
either  line,  when  no  current  is  being  sent  along  the 
other,  is 

-  amperes  : 
b  +  500 

and  the  current  flowing  along  either  line,  when  a 
current  is  also  being  sent  along  the  other,  is 


Now  we  want  b  to  be  of  such  a  value  that 


is  not  greater 
>0 
1  E 


+  500         "2  X  b  +  250  than 


100  *  b  +  500* 

Consequently,  the  largest  permissible  value  of  b  will  be 
found  by  making 

E  2_          E  J_          E 

JTT~500  "      2  X  b  +  250  =  =   TOO  x  6~T~500' 

99  1  _!_  1 

100  x  5  +  500  ==   2  X£T+~250' 

Answer. — 5'1  ohms. 

Example  163. — There  are  two  telegraph  lines,  one 
having  a  resistance  of  400  ohms,  and  the  other  of  500 
ohms,  including  the  resistance  of  the  receiving  instru- 
ments. The  receiving  instrument  on  the  first  line  is  so 
arranged  that  it  will  work  without  adjustment,  with 
currents  varying  between  5  and  5*2  thousandths  of  an 
ampere.  What  must  be  the  E.M.F.  and  resistance  of 
the  common  battery  for  the  two  lines,  so  that  the  current 
flowing  along  the  first  line  may  be  always  between  these 
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limits,  whether  or  not  a  current  is  being  sent  along  the 
second  line  1 

If  E  be  the  E.M.F.  in  volts,  and  b  the  resistance  in 
ohms,  of  the  battery,  the  maximum  current  flowing 
along  the  first  line  will  be 

E 

amperes, 


b  +  400 
and  the  minimum  current 

500  E 


400  +  500  "  b   400  x  500 
400  +  500 
500  E 


°r 


900  6  +  200,000' 

The  first  current  must  not  exceed  5 -2  thousandths  of 
an  ampere,  and  the  second  must  not  be  less  than  5 
thousandths  of  an  ampere.  Taking,  therefore,  the  limit- 
ing values,  we  may  say  that 

E  52 

b  +  400   =  :    10,000' 
5  E  5 


96  +  2,000  -1    1,000 
Solving  these  two  equations  for  E  and  6.  we  find  that 

E  =  2-19  volts  about. 
and  6  =  21  ohms         „ 

Answer. — About  2'19  volts,  and  21  ohms. 

In  practice,  larger  E.M.Fs.  than  this  must  be  used 
to  allow  for  leakage  along  the  line,  in  consequence  of 
which  only  a  portion  of  the  current  that  leaves  the  send- 
ing or  signalling  end  arrives  at  the  receiving  end. 

Example  164.— If  50  or  more  glow  lamps  in  parallel, 
each  requiring  0-6  ampere  and  100  volts  to  glow  properly, 
be  supplied  with  current  from  52  accumulators  in  series, 
each  having  an  E.M.F.  of  1-98  volt  when  discharging, 
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what  must  be  the  resistance  of  each  accumulator,  and 
what  is  the  maximum  number  of  lamps  that  can  be 
lighted,  so  that  the  P.D.  between  their  terminals  never 
exceeds  102,  and  is  never  less  than  98  volts? 

100 
The  resistance  of  each  lamp  may   be  taken  as  -  , 

or  166*7,  ohms.  Hence,  considering  the  case  of  the  least 
number  of  lamps,  50,  which  will  correspond  with  the 
highest  number  of  volts,  102,  we  have,  if  a  be  the 
resistance  of  one  accumulator  in  ohms, 

1  AO 

52  x  1-98  -  Jyfi  x  52  x  a  =  102 
lob'7 


.  -  .  a  =  0-0006034. 

Answer.—  0*0006034  ohm. 

Next,  let  n  be  the  number  of  lamps  which  reduces 
the  P.D.  between  their  terminals  to  98  volts,  then 

1  A9 

52  x  1-98  -  J££-  x  52  x  0-0006034  =    98 
lob'7 

n  .-.n  =  258-3 

Answer.  —  258  lamps. 

161.    Arrangements  of  Cells.  —  A  battery  may  be 
formed  of  cells  joined   up  in  a  variety  of  ways.     All 

the  cells  may  be 
"in  series,"  as  in 
Fig.  220,  or  they 
may  be  joined  up 
all  "  in  parallel," 
as  in  Fig.  221,  or 

Fig.  220.—  Four  Cells  joined  in  Series.  "partly      in      series 

and    partly  in   par- 

allel," as  in  Fig.  222.  These  three  arrangements  are 
symbolically  shown  in  A,  B,  c  (Fig.  223),  where  the  long 
thin  lines  stand  for  the  plates  in  the  battery  from  which 
the  positive  electricity  flows  ;  or,  with  the  definition  of 
direction  of  current  we  have  adopted,  the  current  flows 
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Fig.  221.— Four  Cells  joined  in 
Parallel. 


in    the     circuit    outside    the 

hattery    from    the    plate    re- 
presented  by   the   long   thin 

line   to   that   represented  by 

the  short  thick  line,  while  in 

the  battery  itself  the  current 

flows    from    the    short    thick 

line    to    the    long    thin    one. 

In    the    Daniell's   cell,   then, 

the  thin  lines  stand  for  the 

copper   plates,    and   in   the   Grove's   for   the   platinum 

plates,  while  in  the  Bunsen's,   Potassium  Bichromate, 

and  Leclanche  cells  the  thin  lines  stand  for  the  carbon 

plates.  Also  in  all 
these  cells  the  thick 
lines  indicate  the 
zinc  plates. 

When  all  the  cells 
are  in  series,  the 
total  current  pro- 
duced by  the  battery 
passes  through  each 
cell  ;  therefore,  as 

explained  in  §  118,  page  361,  the  E.M.F.  of  the  battery 

is  equal  to  the  sum  of  the  E.M.Fs.  of  each  of  the  cells. 

If,  on  the  other  hand,   the   cells  are  joined  up  all  in 


Fig.  222.— Six  Cells  joined  Three  in  Series 
and  Two  in  Parallel. 


Fig.  223.— Symbolical  Representation  of  A,  Four  Cells  in  Series  ;  B,  Four  Cells 
in  Parallel ;  c,  Three  Cells  in  Series  and  Two  in  Parallel. 
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parallel,  the  current  divides  itself  between  the  cells ; 
and  if  the  cells  are  all  made  with  the  same  materials, 
but  not  necessarily  of  the  same  size  or  of  the  same 
internal  resistance,  the  total  chemical  action,  and  there- 
fore the  total  amount  of  fuel  burnt  per  second,  is  exactly 
the  same  as  if  the  entire  current  went  through  one  of  the 
cells.  Hence,  the  E.M.F.  of  the  battery  is  simply  that  of 
any  one  of  the  component  cells.  The  resistance,  however, 
of  the  battery  will  be  less  than  that  of  one  cell,  as  the 
road  for  the  current  through  the  battery  is  made  wider 
by  putting  cells  in  parallel ;  and  if  the  cells  have  each 
the  same  resistance  of  c  ohms,  and  if  there  be  p  of  them 

£ 

in  parallel,  the  resistance  of  the  battery  is  —  ohms.     If 

the  cells  be  partly  in  series  and  partly  in  parallel,  we 
must  combine  the  last  two  sets  of  conclusions,  so  that  if 
the  E.M.F.  of  each  cell  be  e  volts,  and  if  there  be  s  cells 
in  series,  and  p  in  parallel,  the  total  E.M.F.  of  the 
battery  E,  and  the  total  resistance  b  will  be  given  by 

E  =  s  e  volts, 

b  =  -      ohms; 
P 

so  that,  if  A  be  the  current  in  amperes  which  the  battery 
sends  through  an  external  resistance  x, 


x  +  i 
P 

In  order  to  experimentally  test  the  accuracy  of  these 
results,  a  number  of  similar  cells,  freshly  put  together, 
and  having  their  corresponding  plates  of  the  same  size, 
the  plates  in  the  different  cells  at  the  same  distance 
apart,  arid  the  amount  of  liquid  in  each  cell  the  same, 
should  be  joined  up  in  a  variety  of  ways,  and  the 
resistances  of  the  combinations  measured,  as  well  as  the 
E.M.Fs.  of  the  batteries  compared  with  the  E.M.F.  of 
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a  single  cell,  by  one  or  other  of  the  methods  of  testing 
previously  given.  The  cells  should  be  of  such  a  type 
that  the  E.M.F.  of  each  cell  is  a  constant,  a  condition 
very  satisfactorily  fulfilled  with  Daniell's  cells ;  and  to 
avoid  the  cell  used  as  the  standard  having  a  higher,  or  a 
lower,  E.M.F.  than  the  average  E.M.F.  of  the  cells 
employed,  different  cells  may  be  selected  from  the 
combination  to  serve  as  the  standard  cell  in  the  different 
experiments. 

162.  Mercury  Switch-board  for  Batteries. — In  Fig. 
85,  page  170,  a  mercury  switch-board  is  shown  in  use 


Fig.  224. — Mercury  Switch-board  for  Altering  the  Arrangements  of  a  Group 


with  a  battery  of  cells,  and  by  means  of  this  device 
the  arrangement  of  a  group  of  cells  can  be  quickly 
varied.  A  slab  of  ebonite,  or  of  paraffined  wood  (Fig. 
224),  has  two  troughs  t  t,  t't',  and  two  sets  of  shallow 
cups  cu  c2,  c3,  c4,  (fcc.,  c/,  c2',  c3',  c4',  &c.,  made  in  it,  the 
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distances  between  Cj  and  c2,  c2  and  c3,  &c.,  being  equal 
to  one  another,  and  also  to  the  distances  between  c2  and 
c/,  c3  and  c3',  &c.,  but  less,  than  the  distance  between 
diagonal  holes  Cj  and  c/,  c2  and  c2'.  The  positive  and 
negative  terminals  of  the  first  cell  are  joined  to  the  cups 
Cj  and  c/ respectively,  of  the  second  cell  to  c2  and  c2',  &c., 
by  means  of  wires  which  are  passed  up  through  the 
slab  and  have  their  ends  bent  over  into  the  cups,  as  seen 
in  Fig.  224.  In  this  figure  6  cells  are  indicated  sym- 
bolically, and  wires  connecting  these  cells  with  the 
mercury  cups  are  shown  coming  into  the  cups  from 
above.  In  reality,  however,  as  just  stated,  the  wires  are 
led  under  the  slab,  and  come  up  through  holes  in  it, 
made  near  the  sides  of  the  mercury  cups,  and  the  wires, 
used  to  connect  the  switch-board  with  the  rest  of  the 
apparatus  in  circuit,  have  their  ends  connected  in  a 
similar  way  with  the  troughs  1 1  and  t't'  respectively. 
The  troughs  and  cups  are  now  filled  with  mercury. 

It  might  appear  that  a  simpler  plan  of  connecting 
the  ends  of  the  various  wires  with  their  respective 
mercury  cups  would  be  to  bring  the  ends  of  the  wires 
up  through  holes  in  the  bottoms  of  the  cups ;  but  this 
method  has  the  objection  that  it  is  very  difficult  to  close 
up  such  holes  through  which  the  wires  pass  in  such  a  way 
as  to  prevent  the  mercury  leaking  out  between  the  edge 
of  the  wire  and  the  edge  of  the  hole  in  consequence  of 
the  slow  amalgamation  that  occurs  with  the  copper  wire. 

Bridge-pieces  b^  50,  &c.,  bent  out  of  stiff  copper  wire 
are  made  of  such  a  length  that  any  one  of  them  can  join 
two  adjacent  mercury  cups  such  as  c2  and  c3,  or  two 
mercury  cups,  immediately  opposite  one  another,  as  c3 
and  c2',  but  cannot  be  made  to  connect  two  diagonal 
mercury  cups  such  as  cl  and  c/.  Hence,  by  connecting 
the  terminals  of  a  cell,  not  to  opposite  but  to  diagonal 
holes,  in  accordance  with  the  plan  adopted  with  all  the 
mercury  switch-boards  at  the  Central  Technical  College, 
a  cell  cannot  be  short-circuited,  no  matter  how  the 
bridge-pieces  be  inserted  in  the  mercury  cups.  The 
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middles  of  these  bridge-pieces  may,  for  convenience  of 
handling,  be  covered  with  insulating  material. 


Fig.  224rt.— Bridge-Pieces  inserted  so  as  to  join  all  the  Cells  in  Series. 

To  join  all  the  cells  in  series  the  bridge-pieces  are 
placed  as   in  Fig.   224a,  while  to  join  all  the  cells  in 


Fig.  224&.— Bridge-Pieces  inserted  so  as  to  join  all  the  Cells  in  Parallel. 

parallel  the  connectors  are  inserted  as  in  Fig.   2246 ; 
next,  if  they  are  placed  as  in  Fig.  224c,  the  cells  will  be 


Fig.  224c. — Bridge-Pieces  inserted  so  as  to  join  Three  Cells  in  Series 
and  Two  in  Parallel. 
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joined  up  3  in  series  and  2  in  parallel ;  and  lastly,  with 
the  arrangement  indicated  in  Fig  224^  there  are  2  cells 
in  series  and  3  in  parallel,  &c. 


Fig.  224d.— Bridge-Pieces  inserted  so  as  to  join  Two  Cells  in  Series 
and  Three  in  Parallel. 


Example  165. — 40  exactly  similar  cells,  each  having 
an  internal  resistance  of  f  ohm,  when  joined  in  series 
send  a  current  of  0-5  ampere  through  a  glow  lamp  of 
80  ohms'  resistance  :  how  many  cells  in  series  would  be 
required  to  produce  the  same  current  through  each  of 
2  such  lamps  arranged  in  parallel  ? 

Let  e  be  the  E.M.F.  of  1  cell  in  volts,  then 

40   x   e 


80  +  40  x  0-75 

or   e  =  1-375  volt; 

therefore,  since  the  resistance  of  the  2  lamps  in  parallel 

HO 
will  be    --  ohms,  and  they  will  require  together  1  am- 

2 

pere,  we  have,  if  n  be  the  required  number  of  cells, 
n  x   1-375 


*°  +n  x  0-75 

J 


n  =  64. 

Answer. — 64  cells. 
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Example  166.  —  Find  the  current  that  12  Daniell's 
cells,  each  having  a  resistance  of  0*6  ohm  and  an  E.M.F. 
of  I'l  volt,  can  send  through  an  external  resistance  of 
5  ohms  if  the  cells  be  placed  four  in  series  and  3  in 
parallel. 

4  x  1-1 

=  - 


Answer.  —  0-76  ampere. 

Example  167.  —  How  many  such  Daniell's  cells  must 
be  used  in  series  to  send  a  current  of  1  ampere  through 
an  external  resistance  of  8  ohms,  if  one  line  of  cells  in 
series  only  be  employed  ? 

Let  n  be  the  required  number  of  cells,  then 

1:1 


8  -f  n  x  0-6  ' 
.-.     n  =   16. 

Answer. — 16  cells. 

Example  168. — If  in  the  last  question  the  current  be 
2  amperes  instead  of  1,  then  how  many  cells  will  be 
required  ? 

n  X   I'l 


8  +  n  x  0-6  ' 
.-.     n  =    -  160. 

Therefore,  no  number  of  such  cells  put  in  one  line  in 
series  could  send  this  current.  In  fact,  if  one  cell  bo 
short-circuited  with  a  piece  of  thick  wire,  the  current  it 

will  send  will  be        ,  or  1*83,  ampere,  and  this  is  the 
0-6 

maximum  current  that  one,  or  any  number,  of  the  cells, 
arranged  simply  in  series,  can  send.  For  if  there  be  n  of 
them  arranged  in  series,  and  the  whole  be  short-circuited, 

the  current  will  be    -         —--,  or  1-83  ampere,  that  is, 


0-6' 


simply  the  current  sent  by  one  cell  when  short-circuited. 
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Hence,  if  there  beany  external  resistance,  the  current  sent 
by  one  row  of  these  cells  in  series,  no  matter  how  many 
there  may  be  in  the  row,  will  be  less  than  T83  ampere. 
But  by  arranging  two  rows  of  such  Darnell's  cells 
in  parallel  it  is  possible  to  send  a  current  of  2  amperes 
through  an  external  resistance  of  8  ohms.  Let  s  be  the 
number  of  cells  required  to  be  placed  in  series  in  each 
row,  then 

s  x   M 


or     s  =   32; 

and   as  there  are   two  such  rows,  the  total  number  of 
cells  required  is  64. 

Answer.  —  64  cells. 

Example  169.  —  A  battery  consisting  of  4  Daniell's 
cells  in  series  and  2  in  parallel  is  employed  in  sending  a 
current  through  a  simple  conductor  having  a  resistance 
of  2  ohms.  If  the  E.M.F.  of  each  cell  be  1-07  volt  and 
the  resistance  0;8  ohm,  how  many  watts  are  developed 
by  the  battery,  how  many  are  employed  in  heating  the 
external  resistance,  and  how  many  are  wasted  in  heating 
the  battery  ? 

Answer.  —  The  current  produced  = 

2  +  4  x  0-8 

i=  1*189  ampere  ; 

the  power  developed  by  the  battery  =  1-189  x  4-28 

=  5-089  watts; 

the  watts  employed  in  heating  the  )          2          5-089 
external  resistance  J  ~~  3^6 

=  2-827  watts; 

the  watts  employed  in  heating  the 
battery 

=  2-262  watts. 
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163.  Arrangement  of  a  Given  Number  of  Cells  to 
produce  the  Maximum  Current  through  a  given  Ex- 
ternal Resistance. — If  n  be  the  total  number  of  cells 
employed  in  a  battery,  p  being  arranged  in  parallel,  and 
s  in  series, 

n  =  p  s, 

and  the  formula  in  §  161,  page  538,  may  be  written 


If,  therefore,  we  desire  to  ascertain  what  arrangement 
of  a  definite  number  of  cells,  each  having  a  fixed  E.M.F. 
of  e  volts,  and  a  fixed  internal  resistance  of  c  ohms,  will 
send  the  greatest  current  through  a  fixed  external  re- 
sistance of  x  ohms,  we  must  ascertain  what  value  of  s 
will  make  the  last  expression  a  maximum. 

This  problem  may  be  easily  solved  by  the  graphical 
method  that  was  employed  in  §  124,  page  38G  ;  for  give 

numerical  values  to  e,  x,  and  — ,  let  them,  for  example, 

n  . 

be  2,  3,  and  4  respectively,  then  the  expression  becomes 

2s 

3  +  4s2 ' 

next  draw  the  curve  (Fig.  225)  Imving  the  values  of  s 
for  the  abscissae,  and  the  corresponding  value  of  the 
expression  for  the  ordinates,  and  we  see  at  once  that  the 
value  of  s  which  makes  A  a  maximum  is  about  0-S7.  But 
this  is  approximately  the  value  of  s  which  makes 

s*c 

—  =  x. 
n 

or,  in  other  words,   the  proper  arrangement  of  a  given 
number  of  cells  to  send  the  maximum  current  through 
a  given  external  resistance  is  that  which  makes  the  re- 
sistance of  the  battery  equal  to  the  external  resistance. 
s 
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Whether  8  is  made  greater  or  less  than  about  0-87, 
the  value  of  A  is  less  than  the  maximum,  but,  on  ex- 
amination of  the  curve  in  Fig.  225,  it  is  seen  that  the  value 


Fig.  225.— Curve  connecting  the  Current  and  the  number  of  Cells  in  Series 
when  the  total  number  of  Cells  and  the  External  Resistance  are  Fixed. 

of  A  falls  off  much  less  rapidly  as  s  is  increased  than 
when  it  is  diminished.  This  tells  us  that  the  current  will 
be  not  so  much  lessened  by  making  s  too  large  as  it  will 
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be  by  making  it  too  small  ;  hence,  if  the  number  of 
cells  and  the  resistance  of  each  are  such  that  it  is 
impossible  to  arrange  the  battery  so  that  its  internal 
resistance  is  equal  to  the  fixed  external  resistance,  it  is 
better,  when  the  external  resistance  is  midway  between 
the  resistances  which  the  battery  has  when  arranged  in 
these  two  ways,  to  select  the  arrangement  that  puts  rather 
too  many  cells  in  series  than  the  one  that  puts  rather 
too  many  in  parallel.  For  example,  suppose  we  have 
12  cells,  each  having  a  resistance  of  3  ohms,  and  we 
desire  to  arrange  them  so  that  they  may  send  a  maximum 
current  through  an  external  resistance  of  3J-  ohms,  then 
if  we  arrange  them  3  in  series  and  4  in  parallel,  the 
resistance  of  the  battery  will  be 


_      or  2  1  ohms  ; 

whereas,  on  the  other  hand,  if  we  put  them  4  in  series 
and  3  in  parallel,  the  resistance  will  be 

4x3 

—  -  —    or  4  ohms  ; 
o 

and  the  given  external  resistance  of  3J  ohms  is  exactly 
half-way  between  2  J  and  4.  Let  us  consider  the  currents 
produced  by  these  two  arrangements  of  the  cells.  With 
the  first, 

A  3 

A   '-'- 


if  e  be  the  E.M.F.  of  each  cell  in  volts,  while  with  the 
second  arrangement, 

A  4e 

A  =   "o"i     •    4.  amPeres* 

24  32 

The  first  reduces  to  ^  e  and  the  second  to  -^e  ampere, 

o 

and  of  these  the  second  is  the  greater  by  ^AK^  e  of  an 
ampere. 
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Since  the  power  in  watts  furnished  to  a  circuit  of 
given  resistance  equals  the  square  of  the  current  into 
the  resistance,  it  follows  that  the  arrangement  of  a  given 
number  of  cells  that  sends  the  greatest  current  through 
a  fixed  external  resistance  is  also  the  one  that  supplies 
the  greatest  amount  of  power  to  it.  Hence,  the  arrange- 
ment of  a  given  number  of  cells  that  gives  the  largest 
amount  of  power  to  a  fixed  external  circuit  is  the  one  that 
makes  the  resistance  of  the  battery  equal  to  that  of  the 
external  circuit,  and,  therefore,  is  the  one  that  causes  half 
the  power  developed  by  the  battery  to  be  ivastecl  in  heating 
the  battery. 

Comparing  the  preceding  result  with  that  obtained 
in  §  124,  page  389,  we  see  that  wasting  half  the  power 
developed  —  i.e.  working  with  50  per  cent,  efficiency,  or 
using  a  P.D.  between  the  battery  terminals,  which  equals 
half  its  E.M.F.  —  is  the  condition  of  maximum  power 
developed  in  an  external  circuit,  either  when  the  generator 
is  fixed  and  the  resistance  of  the  external  circuit  is  the 
variable,  or  when  the  external  circuit  is  fixed  and  the 
arrangement  of  a  given  number  of  cells  of  a  fixed  type  is 
the  variable. 

Example  170.  —  What  arrangement  of  24  cells,  each 
having  a  resistance  of  0'47  ohm,  will  send  the  maximum 
current  through  an  external  resistance  of  1  '2  ohm  1 

We  have         s  p  =   24 
and  c  —  0-47, 

also,  when  the  cells  are  arranged  to  send  the  greatest 
current  through  the  external  circuit, 


P 

hence          s  =  7  -83, 
and  p  =  3-06. 

Answer.  —  8  cells  should  be  placed  in  series  and  3  in 
parallel. 
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Example  171. — What  is  the  maximum  current  that 
can  be  sent  by  100  cells,  each  of  1'4  volt  E.M.F.  and 
3  ohms'  resistance,  through  an  external  resistance  of 
20  ohms  1  Answer.—  0*904  ampere. 

Example  172. — What  is  the  maximum  current  that 
can  be  sent  by  80  such  cells  through  the  same  resistance  ? 

Answer. — 0'800  ampere. 

Example  173. — Would  it  be  possible  to  arrange  48 
Grove's  cells,  each  having  an  E.M.F.  of  1'87  volt,  and  a 
resistance  of  0*14  ohm,  go  as  to  develop  J  a  horse-power 
in  an  external  resistance  of  0*1  ohml 

We  have  sp  =  48, 

and  c  =  0'14; 

also,  when  the  cells  are  arranged  to  give  the  greatest 
power  to  the  external  circuit, 

s~c  =  o-i, 

P 

6-  =  6 
and         p  =  8. 

With  this  arrangement  of  cells  the  current  will  be 
54*7  amperes;  consequently,  the  power  developed  in 
the  external  circuit  will  be  about  299  watts,  which  is 
about  0-4  of  a  horse-power. 

Answer. — It  is  not  possible  to  develop  ^  a  horse- 
power in  the  external  circuit  in  question  with  any 
arrangement  of  the  particular  cells  ;  but  if  they  be  placed 
0  in  series  and  8  in  parallel,  the  power  given  to  thu 
external  circuit  will  be  about  0'4  of  a  horse. 

164.  Minimum  Number  of  Cells  Required  to  Pro- 
duce a  Given  Current  and  P.D. — In  this  case  the  type 
of  cell  to  be  used  is  fixed,  but  not  the  number,  and  it  is 
desired  to  find  what  arrangement  of  cells  will  necessitate 
the  use  of  the  smallest  number  to  produce  a  given  P.D. 
of,  say,  V  volts  between  the  battery  terminals  when  a 
given  current  of,  say,  A  amperes  is  flowing 
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This  is  obviously  the  same  problem  as  finding  the 
smallest  number  of  cells  of  a  given  type  that  will  send  a 
given  current  of  A  amperes  through  a  fixed  resistance  of 

-r  ohms ;    and  a  consideration  of  the  result  arrived  at 

in  the  last  section  leads  us  to  conclude  that  the  least 
number  of  cells  required  in  the  present  instance  must 
fulfil  the  following  condition — viz.  that  when  the  cells 

are  joined  up  so  that  the  resistance  of  the  battery  is 

y 
equal  to  --   ohms    the   current    produced    through   an 

A. 

external  circuit  having  the  same  resistance  must  equal 
A  amperes.  For  if  the  required  current  were  produced 
with  any  other  arrangement  of  cells,  a  current  greater 
than  was  required  could  be  produced  by  arranging  the 
same  number  of  cells  in  the  manner  just  described,  and, 
therefore,  we  should  not  be  using  the  smallest  number  of 
cells. 

Consequently,  the  least  number  of  cells  of  a  given  type 
required  to  produce  a  P.D.  of  V  volts  when  a  current 
of  A  amperes  is  flowing  can  be  found  thus  : — 

(1)  Arrange  a  sufficient  number  of  the  cells  in  series 

to  make  the  E.M.F.  of  the  battery  equal  to  '2V; 

(2)  Then  add  a  sufficient  number  of  rows  of  cells  in 

parallel  to  make  the  resistance  of  the  battery 

Y 

equal  to  --. 
A. 

The  first  of  the  preceding  rules  must,  however,  only 
be  used  when  the  second  can  also  be  applied.  For 
example,  suppose  it  is  desired  to  arrange  Grove's  cells, 
each  having  an  E.M.F.  of  1  85  volt  and  a  resistance  of 
O'l  ohm,  so  that  the  P.D.  between  the  battery  terminals 
shall  be  50  volts  when  a  current  of  2  amperes  is  flowing. 

2  x  50 

The  first  rule  would  tell  us  to  put  — =— Q=— >  O1>  about   54 

1  'bo 

cells,  in  series.     But  it  is  clearly  unnecessary  to  use  as 
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many  as  54  Grove's  cells  to  produce  a  P.D.  of  50  volts 
when  a  current  of  2  amperes  is  flowing,  seeing  that  ,<?, 
the  number  in  series  required,  as  given  by  the  equation 
(page  364) 

sxl-85  -  2  xsxO-1  =  50, 
is        s  =  30-4. 

Hence,  one  row  of  31  cells  in  series  is  all  that  is  neces- 
sary. The  second  Rile,  however,  tells  us  that  when 
54  cells  are  used  in  series,  p,  the  number  of  rows  to  use 
in  parallel,  can  be  found  thus  :  — 

54  x  0-1        50 


.-.    ^  =  0-216. 

Hence,  54  cells  should  be  used  in  series  and  0-21  6  of  a 
cell  in  parallel,  in  order  that  the  total  number  may  be  a 
minimum.  It  is,  however,  of  course  impossible  to  use 
a  fraction  of  a  cell  in  parallel,  so  that  in  this  particular 
case  the  two  rules  cannot  help  us  to  determine  the 
minimum  number  of  cells  necessary.  And  this  must 
always  be  the  case  as  long  as  the  number  of  cells  in 

2Y 
series  given  by  the  first  rule,  viz.  -----  ,  multiplied  by  c, 

the  resistance  of  a  cell,  is  less  than  the  external  resistance 

V      . 

—  ;  i.e.  as  long  as 

A  2V          /N 

-  x  c\-£' 
e  NA 


Consequently,  as  long  as 


f 

2  c 


that  is,  as  long  us  half  the  current  a  cell  can  produce  on 
short  circuit  (assuming  that  neither  its  E.M.F.  nor  re- 
sistance are  altered  by  the  short-circuiting)  is  greater 
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than  the  current  the  battery  is  required  to  produce,  all 
the  cells  employed  must  simply  be  joined  up  in  series. 

The  rules  given  on  page  550  state  that  the   least 
number  of  cells  will  be  employed  when 

se  =  2V 

sc        V 
and  —  =   -    ; 


i.e.  when 

se  =  2V 

and 
or  when 

p  e  =  2  Ac, 
se  =  2V 

and 

e    __  A 
2'c       p  ' 

Hence,  the  least  number  of  cells  of  a  given  type  will  be 
required  to  produce  a  P.D.  of  V  volts,  when  a  current  of 
A  amperes  is  flowing,  by  arranging — 

(1)  Sufficient  cells  in  series  to  make  the  E.M.F.  of  the 

battery  equal  to  2  V  ; 

(2)  Sufficient  rows  in  parallel  to  make  the  current 

passing  through  each  cell  equal  to  half  the 
current  it  would  produce  on  short  circuit, 
supposing  that  neither  its  K.M.F.  nor  resistance 
were  altered  by  the  short  circuiting. 

Example  174. — It  is  required,  by  means  of  cells  each 
having  an  E.M.F.  of  1*8  volt  and  a  resistance  of  O3  ohm, 
to  maintain  a  terminal  P.D.  of  12  volts  when  a  current  of 
8  amperes  is  flowing.  What  is  the  least  number  of  cells 
that  must  be  used,  and  how  should  they  be  arranged  1 


13-3  x  0-3 

-    ---  =  2-67. 
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Take,  therefore,  p  equal  to  3,  and  recalculate  s  from  the 
equation 

A  8  C  n  0 

s  e  —  =  12, 

P 
which  gives  s  =  12. 

Answer. — 36  cells,  12  in  series  and  3  in  parallel. 

Example  175. — What  is  the  least  number  of  Daniell's 
cells,  each  having  an  E.M.F.  of  1-1  volt  and  a  resistance 
of  0-5  ohm,  that  will  send  a  current  of  4  amperes 
through  a  resistance  of  1  ohm  ? 

Answer. — 27  cells,  arranged  9  in  series  and  3  in 
parallel,  will  send  a  current  of  3*96  amperes  through  the 
external  circuit  ;  while  28  cells,  arranged  7  in  series  and 
4  in  parallel,  will  send  a  current  of  4*1  amperes  through 
the  external  circuit. 

165.  Minimum  Number  of  Cells  required  to  give 
a  Fixed  amount  of  Power  to  a  given  External  Circuit. 
— Since  both  V  and  A  were  fixed  in  the  problem  dealt 
with  in  the  last  section,  the  power  received  by  the 
external  circuit  was  fixed.  Further,  when  the  least 
number  of  cells  of  a  particular  type  is  arranged  to  give 
a  definite  amount  of  power  to  a  circuit,  each  cell  must  be 
contributing  a  larger  share  of  the  power  than  if  more 
were  employed.  Hence,  just  as  we  saw  at  the  end  of 
§  163,  page  548,  that  a  fixed  number  of  cells  gave  the 
maximum  power  to  an  external  circuit  when  the  cells 
•were  so  arranged  that  half  the  power  developed  by  the 
battery  was  wasted  in  heating  itself,  so  now  we  see  that 
irhru  a  battery  composed  of  a  given  type  of  cell  i*  ar- 
ranged to  (jive  a  Ji.wd  ainou/nt  of  power  to  a  dejinite 
external  circuit,  the  least  number  of  cells  will  be  used, 
and  each  cell  will,  therefore,  be  contributing  the  greatest 
share  of  the  power  received  by  the  external  circuit  when 
half  the  power  produced  in  .each  cell  is  wasted  in  heating 
itself. 

The  preceding  rule  really  follows  at  once  from  the 
conclusion  given  in  italies  at  the  top  of  page  389  ;  and 
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from  this  it  follows  that  the  greatest  amount  of  power 
each  cell  in  a  battery  can  contribute  towards  the  total 
power  given  to  any  external  circuit  is  one-quarter  of  the 
power  which  a  cell  could  develop  if  short-circuited. 
Hence,  the  minimum  number  of  cells  required  to  give  a 
fixed  amount  of  power  to  a  given  external  circuit  will  be 
used  when  the  cells  are  so  arranged  that  each  cell  develops 
one-quarter  of  the  power  it  would  on  short  circuit  (sup- 
posing that  neither  its  E.M.F.  nor  resistance  were  altered 
by  the  short-circuiting). 

Example  176.  —  It  is  required  to  expend  30  watts  in  a 
resistance  of  1  •  2  ohm  by  using  Grove's  cells,  having.each 
an  E.M.F.  of  1  •  9  volt  and  a  resistance  of  (H5  ohm.  How 
many  cells  are  required,  and  how  should  they  be  arranged? 

If  A  is  the  current  in  amperes  required, 

1-2  A2  =  30 
.-.  A    =    5. 

Consequently,  the  P.D.  to  be  maintained  between  the 
terminals  of  the  external  resistance  must  equal  5  x  1  '2, 
or  6,  volts;  therefore,  using  the  rule  developed  in  §  164, 


6-32  x  0-15 

and  p  =    -  —  —         =  0-79. 
1*2 

Now,  as  already  explained  in  §  164,  p  coming  out 
less  than  unity  means  that  all  the  cells  must  be  arranged 
in  series,  and  that  the  total  number  required  is  less  than 
that  given  by  the  value  of  s  as  calculated  above.  In 
fact,  it  is  easy  to  see  that  6  cells  are  sufficient  to  send  a 
current  of  5  -4  amperes  round  the  circuit,  which  is  a 
somewhat  larger  current  than  necessary  to  develop  the 
power  of  30  watts. 

Answer.  —  6  cells  in  series,  with  a  small  resistance 
added. 
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Example  177. — A  circuit  is  to  receive  250  watts  at  a 
pressure  of  20  volts  from  cells  having  an  E.M.F.  of  1  '5 
volt  each,  and  a  resistance  of  O'l  ohm.  What  is  the  least 
number  of  cells  required,  and  how  should  they  be  arranged  ] 

The  power  developed  by  one  cell,  if  short-circuited, 

1-52 
would  be  f  -T-,  or  22*5,  watts.     Hence,  when  the  least 

22'5 
number   of  cells   is  used,  each  cell  will  give  -  ' — ,  or 

5*625,   watts   to  the  external   circuit ;    and,    therefore, 

at  least  ~V^PJ  or  4444  cells,  are  necessary. 
5*b25 

The   number   that  must  be  placed  in  series  equals 

2  x  20 

— JT= — ,  or  26*7 ;  practically,  then,  23  cells  in  series  and 

2  in  parallel  is  what  is  necessary. 

Answer. — 46  cells,  23  in  series  and  2  in  parallel. 

166.  Arrangement  of  Circuit  requiring  the  Mini- 
mum Number  of  Cells  to  give  a  Fixed  Amount  of 
Power  to  the  External  Portion. — In  this  case  neither 
the  resistance  of  the  external  circuit,  nor  the  current 
required,  nor  the  number  of  cells  to  be  used,  is  fixed,  but 
only  the  type  of  cell  and  the  power  to  be  given  by  the 
battery  to  the  external  circuit;  and  it  is  desired  to 
ascertain  what  is  the  arrangement  of  the  external  circuit 
and  of  the  cells  with  which  the  minimum  number  of  cells 
will  have  to  be  used. 

From  the  conclusions  arrived  at  in  the  last  section,  it 
follows  that  if  a  power  of  W  watts  has  to  be  given  to 
any  external  circuit  by  cells  having  each  an  E.M.F.  of  e 
volts  and  a  resistance  of  c  ohms,  the  least  number  of  such 
cells  that  can  possibly  be  used  is 

4cW 


further,    that   to   enable  the  number  of   cells   actually 
required  to  be  as  small  as  is  given  by  the  expression  it  is 
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necessary  that  we  shall  be  able  to  arrange  the  cells  and 
the  external  circuit  so  that  the  resistances  of  the  battery 
and  of  the  external  circuit  are  equal  to  one  another. 

Now,  if  p  be  the  number  of  rows  of  cells  in  parallel, 
the  minimum  number  of  cells  in  series  will  be 

1         4c  W 

7,  ;   -5T- 

hence,  any  arrangement  of  the  external  circuit  producing 
a  resistance  of  x  ohms  will  receive  the  power  of  W  watts 
from  the  minimum  number  of  cells,  viz. 

4cW 


provided  that 

x  =  I         4c  W      - 
"  p    '         e*       '  p 


where  p  is  a  whole  number. 

For  example,  if  40  lamps,  each  requiring  20  volts 
and  0'5  ampere  to  glow  properly,  are  to  be  used  with 
cells  each  having  an  E.M.F.  of  2  volts  and  a  resistance  of 
01  ohm,  we  have 

c   =  0-1 

W  =  40  x  20  x  0-5 
=  400; 

therefore,  in  .order  that  the  minimum  number  of  cells,  viz 

4  x  0-1   x  400 
--  -_  —  —  ,  or  40, 

can  be  used,  the  lamps  must  be  arranged  so  that  their 
resistance  equals 

4  x  0-1*  x  400 

,    jps  x  4 
where  p  is  a  whole  number. 
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Consequently,  taking  p  equal  to  1,  2,  3,  &c.,  the 
arrangements  of  the  lamps  that  make  the  resistance  of 

the  group  equal  to  4,  1,  -,  &c.,  ohms  respectively,  can  all 

9} 

receive  the  400  watts  from  40  cells.    Now,  the  resistance 

20 
of  one  lamp  is  —  ,  or  40,  ohms  ;  hence,  putting  the  40 

lamps  2  in  series  and  20  in  parallel  will  make  the  group 
have  a  resistance  of  4  ohms,  corresponding  with  p  equal 
to  1  —  that  is,  with  all  the  40  cells  in  series.  Again, 
putting  all  the  40  lamps  in  parallel  will  cause  the  group 
to  have  a  resistance  of  1  ohm,  corresponding  with  p  equal 
to  2  —  that  is,  with  20  cells  in  series  and  2  in  parallel. 

No  arrangement  of  the  40  lamps  can  have  a  less 
resistance  than  1  ohm,  the  resistance  of  the  group  when 
they  are  all  in  parallel  ;  hence,  in  this  case  there  are  only 
two  arrangements  of  the  lamps  which  require  the  mini- 
mum number  of  cells  —  40  ;  and  all  other  arrangements 
of  the  lamps,  such  as  4  in  series  and  10  in  parallel,  or  10 
in  series  and  4  in  parallel,  will  require  a  larger  number  of 
cells  to  enable  the  lamps  to  receive  a  power  of  400  watts. 

The  solution  may  be  stated  simply  thus  :  —  If  N  be 
the  number  of  lamps  to  be  lighted,  w  the  power  in  watts 
taken  by  each  lamp,  and  I  the  resistance  of  each  lamp  in 
ohms  when  glowing  properly,  then  the  number  of  cells 
will  be  the  least,  and  equal  to 


when  p'  rows  of  lamps  and  p  rows  of  cells  are  placed 
in  parallel,  and  when  p'  and  p,  being  whole  numbers, 
satisfy  the  equation 

N  I       4  C2  Nw> 


that  is,  when 


P'  =  — 
2c 
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Example  178. — 18  glow  lamps,  each  requiring  5 
volts  and  1  ampere  to  glow  properly,  are  to  be  used 
with  cells  each  having  an  E.M.F.  of  2  volts  and  a 
resistance  of  0'2  ohm.  Calculate  the  minimum  number 
of  cells  required,  and  the  arrangements  of  lamps  and  cells 
that  may  be  employed  with  about  that  number  of  cells. 

Answer. — We  have  c  =  0'2,  w  =  5,  N  =  18,  e  =  2, 
and  I  =  5  ; 

4  c  w       i 
hence  — - —  =  1, 


and 


<  *"  18  =  18, 


or  18  is  the  smallest  number  of  cells  necessary. 
Also,  p  =  5  p  : 

and,  as  there  are  18  lamps,  p'  may  have  the  values  18, 
9,  6,  3,  2,  and  1 ;  therefore,  in  order  that  the  minimum 
number  of  cells — 18 — may  be  used,  p  should  have  the 
values  respectively  of  3*6,  1-8, 1  '2,  0-6,  0'4,  and  0-2.  The 
nearest  whole  numbers  to  these  are  4,  2,  and  1 ;  and  as 
we  have  calculated  that  18  is  the  least  number  of  cells 
possible,  it  is  clear  that  the  practicable  arrangements  of 
lamps  and  cells  requiring  a  number  of  cells  not  differing 
much  from  the  minimum  are  : — 


Number  of  Lamps. 

Number  of  Cells. 

Total 
Number 

of 

In  Parallel. 

In  Series. 

In  Parallel. 

In  Series. 

Cells. 

18 

1 

4 

5 

20 

9 

2 

2 

9 

18 

6 

3 

1 

19 

19 

Chap.  VI.]    MODIFICATIONS  DUE  TO  SAFETY  LIMITATION.       559 

Example  179. — It  is  desired  to  expend  100  watts  for 
heating  purposes  in  a  coil  of  wire,  the  current  being 
supplied  with  cells  having  each  an  E.M.F.  of  1'7  volt 
and  a  resistance  of  0'3  ohm.  What  is  the  least  number 
of  cells  that  must  be  employed,  and  what  are  the  various 
resistances  that  can  be  given  to  the  coil  so  that  the 
required  amount  of  power  can  be  developed  in  it  with 
the  least  number  of  cells  1 

Answer. — The    minimum    number    of    cells    equals 

4c  W    ,,    ,    .     4  x  0-3  x   100         ,.  K  ... 

— ,  that  is. ,  or  41-5  :  so  that  prac- 

e2  1-72 

tically  42  cells  must  be  used.  These  42  cells  may  be 
arranged  either  42,  21,  14,  7,  6,  3,  2,  or  1  in  parallel,  and 
the  corresponding  resistances  of  the  coil  must  equal 

4  x  0-33  x  100 

— 9  where  p  has  the  values   just  given. 

p°  x   1-7" 
Hence,  we  have — 

Number  of  Resistance  of 

Cells  in  Coil 

Parallel.  in  Ohms. 

42  0-007065 

21  0-02826 

14  0-06357 

7  0-2543 

6  0-3460 

3  1-385 

2  3-115 

1  12-46 

167.  Modifications  introduced  in  the  Previous 
Results  by  a  Safety  Limitation  of  the  Maximum 
Current  a  Cell  may  produce. — The  maximum  current 
that  can  be  produced  with  certain  types  of  cells,  such  as 
accumulators,  is  not  limited  by  the  values  of  the  E.M.P. 
and  the  resistance  per  cell,  but  by  the  disintegration  of 
the  plates  which  would  be  caused  if  the  current  per 
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square  foot  of  the  plates  were  allowed  to  exceed  a  certain 
value.  Such  a  limitation  of  the  permissible  current 
density  leads  to  a  modification  in  the  solution  of  the 
problems  considered  in  the  preceding  sections  when 
the  maximum  current  which  a  cell  may  produce  is  less 

e 
than  » — • 

*j  C 

For  example,  the  arrangement  of  a  given  number  of 
cells  n  to  produce  the  maximum  current  through  a  given 
external  resistance  must  in  such  a  case  be  ascertained 
as  follows  : — Let  a  be  the  largest  current  that  may  pass 
through  a  cell,  then,  if  A  is  the  current  through  the 
given  external  resistance  x,  A  must  not  exceed  pa,  and 
the  value  of  p  which  causes  A  to  have  its  largest  per- 
missible value  is  given  by 

n 

s  e  p 

—  —  p  a. 
s  c  n  c 

x  +  -          x  -j 5- 

p  p- 


Also,  to  determine  the  minimum  number  of  cells 
required  to  produce  a  given  current  of  A  amperes,  and  a 
given  terminal  P.D.  of  V  volts,  when  a,  the  maximum 

current  a  cell  may  produce  is  less  than  -~-  >  we  have 

..-A^«  =  V, 

and  p  •=.  - 
a 

V 

e  —  c  a 

Lastly,  if  with  the  limiting  condition  that  a  cell  must 
not  produce  a  greater  current  than  a  amperes,  we  desire 
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to  arrange  the  circuit  so  that  a  given  amount  of  power, 
"W  watts,  may  be  given  to  the  external  circuit  with  the 
least  number  of  cells,  then  the  conditions  connecting 
a,  W,  ,9,  p,  n,  e,  and  c  are 

W 
».»=.- 

a  e  —  az  c 

p*  a2  X   =    W. 

Example  180.  —  What  arrangement  of  20  cells,  each 
having  an  E.M.R  of  1-1  volt,  and  a  resistance  of  0*5  ohm, 
will  send  the  largest  current  through  an  external  resist- 
ance of  4  ohms,  if  no  cell  is  to  produce  a  larger  current 
than  1  ampere*?  What  is  the  value  of  this  maximum 
current  1 


Answer.—  p  =  ^/  ~  [—    _  0-5J  = 


therefore,  the  cells  must  be  arranged  2  in  parallel  and 
10  in  series.  The  current  will  be  1-69  ampere. 

Example  181.  —  With  the  cells  referred  to  in  the  last 
question,  and  with  the  same  condition  as  to  the  maximum 
current  a  cell  may  produce,  what  is  the  least  number  of 
cells  that  will  maintain  a  P.D.  of  10  volts  between  the 
terminals  of  an  external  circuit  when  sending  a  current 
of  3  amperes  through  it  1 

Answer.  —  p  =     3 

10  1<?fi 

-  rr-'cTB  :      6> 

therefore,  48  or  51  cells  must  be  employed,  the  former 
maintaining  a  P.D.  of  rather  less  than  10  volts,  and  the 
latter  a  P.D.  of  more  than  10  volts,  when  producing  a 
current  of  3  amperes. 

Example  182.  —  It  is  desired  to  give  a  power  of 
125  watts  to  an  external  circuit  by  means  of  storage 
cells,  each  having  an  E.M.F.  of  1-9  volt  and  a  resistance 
of  0-01  ohm,  on  the  condition,  however,  that  a  cell  may 
not  produce  a  larger  current  than  10  amperes.  What  is 
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the  least  number  of  cells  required,  how  should  they  be 
arranged,  and  what  should  be  the  resistance  of  the 

O         " 

outside  circuit  ? 

125 

=  fo, X  1-9  :~ioo^To-pl  = 

therefore,  7  cells  must  be  used,  and  since  this  is  an  odd 
number  the  cells  must  all  be  placed  in  series.  There  will 
consequently  be  only  one  value  of  x,  viz.  that  given  by 
the  equation 

7xl^      *  =  125 
7xO-01-|-aj 

Hence,  the  external  circuit  must  have  a  resistance  of 
1-271  ohm. 

Example  183. — 12  glow  lamps,  each  requiring  a 
P.D.  of  20  volts  and  a  current  of  3  amperes  to  glow 
properly,  are  to  be  run  with  accumulators,  each  cell 
having  a  E.M.F.  of  2  volts  and  a  resistance  of  O'Ol  ohm. 
If  a  cell  may  not  produce  a  greater  current  than  15 
amperes,  what  is  the  least  number  of  cells  necessary,  and 
how  should  the  cells  and  the  glow  lamps  be  arranged  in 
order  that  the  minimum  number  of  cells  can  be  used  1 
12  x  20  x  3 

Answer.-sp  =  f5    x   2  _  225  x  0.Q1  =  25-94,  so. 

that  26  cells  of  the  given  type  is  the  smallest  number 
that  can  furnish  a  power  of  720  watts  if  no  cell  may 
produce  a  current  of  more  than  15  amperes.  A  larger 
number  than  26,  however,  will  be  required  unless  the 
cells  and  lamps  allow  of  such  a  combination  that  each 
cell  is  producing  a  current  of  1 5  amperes  ;  unless,  in  fact, 
the  equation 

p*  a3  x  =  W, 

where  a  is  15  and  W  is  720,  leads  to,  at  any  rate,  one 
pair  of  values  of  p  and  x,  which  are  possible  for  the  cells 
and  lamps. 

Now,  with  26  cells  p  may  be  1,  2,  13,  or  26,  and, 

20 
since  the  resistance  of  each  lamp  is   •«-,  or  6  '6 6 7,  ohms, 
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and  there   are    12    of   them,    x  may   be   80*00,   20 '00, 

W 

8-889,  5,  2-222,  and  0-5556.     The  value  of  —  is  3-2,  and 

er 

it  is  clear  that  this  value  cannot  be  produced  exactly  by 
multiplying  the  square  of  any  of  the  values  of  p  by  the 
corresponding  value  of  x.  Also  values  of  p  and  x  must 
not  be  selected  which  make  p2x  less  than  3-2,  for  that 
would  necessitate  the  cells  producing  a  current  of  more 
than  15  amperes  apiece,  which  is  inadmissible. 

Hence,  we  must  take  values  which  make  the  product 
somewhat  greater  than  32  ;  for  example,  p  equals  1  and 
x  equals  5,  the  latter  being  obtained  by  putting  3  lamps 
in  series  and  4  in  parallel.  And  it  is  easy  to  show  that 
with  this  value  of  x,  and  the  cells  in  one  line  in  series, 
32  cells  must  be  employed. 

Note  to  page  492. — Attempts  have  been  made  to  solve  the  prob- 
lem of  economically  converting  the  energy  of  fuel  into  electric 
energy  by  using  thermo-piles.  But  the  action  of  a  thermo-pile 
depends  on  an  E.M.F.  being  set  up  when  there  is  a  difference  of 
temperature  between  two  junctions.  For  example,  if  a  bar  of 
antimony  have  each  of  its  ends  joined  respectively  with  those 
of  a  bar  of  bismuth  and  the  junctions  be  at  different  temperatures, 
an  electric  current  will  flow  from  antimony  to  bismuth  through 
the  cold  junction  and  from  bismuth  to  antimony  through  the 
hot  one.  Heat  will  undoubtedly  be  converted  into  electric  energy 
at  the  hot  junction,  but  a  nearly  equal  amount  of  electric  energy 
will  be  converted  back  again  into  heat  at  the  cold  junction  unless 
the  temperatures  of  the  junctions  differ  very  much.  There  will 
also  be  a  transformation  of  electric  energy  into  heat  in  the  bars 
since  they  possess  resistance,  and  the  ordinary  heat  conduction 
along  them  will  cause  a  further  transference  of  heat  from  the 
hot  to  the  cold  junction.  On  the  whole  then,  the  efficiency  of  a 
thermo-pile  and  electromotor  used  as  a  combination  for  converting 
the  energy  of  fuel  into  mechanical  energy  is  much  smaller  than 
that  of  a  good  steam-engine.  (See  Volume  II.  for  further  infor- 
mation regarding  the  construction  and  behaviour  of  thermo-piles.) 
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I.— MAGNETIC   LINES    OF    FORCE 
DIAGRAMS. 

WROUGHT  iron,  or  steel,  filings  are  the  best  to  employ 
for  preparing  lines  of  force  diagrams,  cast-iron  ones 
being  generally  too  small  and  too  dirty.  The  filings 
should  be  free  from  non-magnetic  substances,  and  should 
be  neither  too  large  nor  too  small.  Those  that  are  too 
large  can  be  separated  by  sifting  ordinary  workshop 
filings  through  a  30-mesh  sieve — that  is,  one  having  about 
thirty  meshes  to  the  inch 
length  —  and  those  that  are 
too  small,  by  a  second  sifting 
through  a  50-mesh  sieve. 

The  filings  that  pass  through, 
the  30-mesh,  but  not  through 
the  50-mesh,  sieve,  are  very 
suitable  for  tracing  magnetic 
lines  of  force  to  be  seen  at 
no  great  distance ;  but  if  it,  ^is 
desired  to  prepare  diagrams 
for  lecture  purposes,  then  it  is 
better  to  use  filings  that  will 
pass  through  a  10-mesh  sieve 
but  not  through  a  30-mesh  one. 

Filings  of  the  right  size  can 
be  kept  separated  and  ready 
for  use  by  means  of  a  box 
(Fig.  226)  consisting  of  four  j,g.  226._Box  of  wn-e  sieves  for 

compartments,    Or   trays,    A,    B,  preparing    Iron    Filings    for 

J  Magnetic    Lines  of      Force 

€,  D,  fitting  into  one  another.          Diagrams. 
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The  bottoms  of  A,  B,  and  c  are  made  respectively  of 
10-,  30-,  and  50-mesh  wire  gauge,  while  that  of  D  has 
no  holes  in  it.  Fairly  clean  iron,  or  steel,  filings,  such 
as  can  be  obtained  from  a  workshop,  are  placed  in  the 
top  compartment,  A,  the  lid  put  on,  and  the  box  well 
shaken ;  then  filings  suitable  for  class  diagrams  will  be 
found  in  B  ;  while  those  in  c  are  of  the  right  size  for 
diagrams  intended  for  close  inspection.  The  bottom 
compartment,  D,  receives  the  fine  dust  which  has  passed 
through  the  three  sieves,  and  prevents  it  falling  about. 

When  the  filings  are  to  be  fixed  by  the  employment 
of  waxed  paper,  as  described  on  page  74,  it  is  desirable 
that  the  paper  should  have  a  smooth  surface,  that  it 
should  be  left  in  the  melted  wax  until  the  heat  has 
driven  all  the  air  out  of  the  pores  of  the  paper,  other- 
wise it  will  present  a  spotted  appearance  when  the  wax 
hardens ;  and,  lastly,  as  much  of  the  superfluous  wax  as 
possible  should  be  drained  off  the  paper  to  prevent  the 
wax  from  forming  inequalities,  and,  by  thus  rendering 
the  surface  of  the  paper  uneven,  hindering  the  filings 
from  taking  up  their  right  positions. 

II.— THE   PREPARATION   AND  USE  OF  SILK 
FOR   GALVANOMETER   SUSPENSIONS. 

THE  silk-worm  spins  two  separate  fibres  at  the  same 
time,  but,  as  they  are  covered  with  silk-glue,  they  stick 
together ;  indeed,  if  a  hank  of  raiv  silk  becomes  damp,  a 
great  many  fibres  adhere.  Raw  silk  may  also  contain 
calcareous  and  mineral  substances. 

The  latter  are  first  removed  by  rinsing  the  silk  in 
tepid  dilute  hydrochloric  acid,  then  the  ungumming  is 
effected  by  suspending  the  hank  on  a  smooth  wooden 
rod  and  moving  it  about  in  a  bath  heated  to  90°  or 
95°C.  containing  a  solution  prepared  by  dissolving 
30  to  35  per  cent,  of  soap  in  soft  water.  After  the  silk 
has  been  kept  for  about  -twenty  minutes  in.  this  bath, 
it  is  well  to  place  it  in  a  fresh  one,  and  again,  about 
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twenty  minutes  later,  in  a  third  soap-bath,  for  the  glue 
dissolves  but  slowly  off  the  silk  when  there  is  much 
already  in  solution. 

This  treatment  of  the  silk  enables  the  fibres  to  be 
easily  separated  with  a  pair  of  tweezers,  which  should 
be  used  instead  of  the  fingers,  to  avoid  the  fibres  becom- 
ing greasy  or  dirty.  If  the  silk  be  placed  on  a  smooth 
black  surface,  like  that  of  a  slab  of  ebonite,  a  fibre  of 
the  required  thickness  can  be  more  easily  selected.  For 
sensitive  galvanometers,  in  which  a  very  light  suspended 
system  is  employed,  the  thinnest  fibre  will  generally  be 
strong  enough.  In  all  cases  it  will  be  found  convenient 
to  cut  off  a  piece  of  fibre  about  two  inches  longer  than 
that  of  the  actual  suspension  required. 

A  fibre,  just  before  it  is  used,  may  be  freed  from  the 
last  traces  of  grease,  as  well  as  from  any  twist,  in  the 
following  way  :  By  means  of  cap  cement,  bicycle  cement, 
or  other  cement  that  softens  with  heat,  fasten  a  piece  of 
wire  of  non-magnetic  material  and  having  about  the 
same  weight  as  the  magnetic  needle,  pointer,  &c.,  to  one 
end  of  the  fibre,  and  hang  up  the  fibre  by  clamping  its 
other  end  in  a  support.  To  facilitate  the  clamping,  the 
upper  end  of  the  fibre  may  also  be  stuck  to  a  piece  of 
wire,  or,  best  of  all,  to  the  suspension  head,  when  this 
can  be  easily  removed  from  the  galvanometer  as  in  the 
case  of  the  pin  p  (Fig.  25,  page  49).  Dip  a  camel's-hair 
brush  in  clean  absolute  alcohol  (not  methylated  spirit), 
and  wash  the  fibre  several  times,  with  an  upward 
motion,  to  avoid  breaking  the  fibre  by  increasing  the 
downward  stress.  Cover  the  support  and  suspended 
fibre  with  a  glass  shade,  and  leave  it  for  ten  minutes,  or 
so,  to  untwist. 

In  attaching  the  end  of  the  fibre  to  the  needle,  only 
the  merest  touch  of  cement  should  be  used,  and  on  no 
account  should  the  hot  cement  be  allowed  to  come  into 
contact  with  the  part  of  the  fibre  that  it  is  intended 
shall  hang  free,  otherwise  the  effective  length  of  the 
fibre  will  be  shortened,  and  a  slow  variation  in  the 
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value  of  the  deflection  may  arise  from  a  viscous  yielding 
of  the  cement. 

The  risk  of  the  fibre  becoming  detached  from  the 
hook  at  the  end  of  the  pin  p  (Fig.  25,  page  49)  can  be 
removed  by  tying  the  fibre  to  the  hook.  This  can  be 
easily  done,  if  the  end  of  the  fibre  be  stiffened,  bv  touch- 
ing it  with  cement  so  that  it  can  be  used  as  a  needle,  a 
plan  which  also  greatly  facilitates  the  end  of  the  fibre 
being  passed  through  a  hole  in  the  roller  R  (A,  Fig.  25). 

III.— SHORT  HISTORY  OF  THE  ABSOLUTE 
UNIT  OF  RESISTANCE,*  AND  OF  THE 
ELECTRICAL  STANDARDS  OF  THE  BOARD 
OF  TRADE. 

IN  1821  Sir  Humphry  Davy  published  the  results  of 
his  experiments  proving  that  metals  varied  in  their 
power  of  conducting  electricity,  and  that  this  conducting 
power  diminished  as  the  temperature  rose  ;  but  the  idea 
of  resistance  being  a  property  of  a  conductor  was  due 
to  Ohm,  who  published  the  mathematical  proof  of  his 
famous  law  in  1827.  The  writers,  however,  who  im- 
mediately followed  Ohm  did  not  employ  a  unit  of  re- 
sistance, but  contented  themselves  with  reducing,  by 
calculation,  the  resistance  of  all  parts  of  a  heterogeneous 
circuit  to  a  given  length  of  some  part  of  that  circuit,  so 
that  Lenz,  for  example,  in  his  paper  of  1833,  calls  the 
resistance  of  a  conductor  its  "reduced  length." 

The  next  step,  when  comparing  different  circuits, 
was  naturally  to  refer  these  "  reduced  lengths  "  to  thu 
length  of  some  one  standard  wire,  although  the  wire 
might  not  form  part  of  any  of  the  circuits  under  test, 

*  The  earlier  part  of  this  History  is  abstracted  from  a  '•  Report 
to  the  Royal  Society  on  the  New  Unit  of  Electrical  Resistance, 
&c.,"  by  the  late  Prof.  Fleeming  Jenkin,  which,  together  with  the 
Reports  from  1862  to  1869  of  the  British  Association  Committee 
on  Standards  of  Electrical  Resistance,  and  with  his  Cantor 
Lectures,  were  issued  by  him  in  1873  in  the  form  of  a  very  useful 
book. 
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and  to  consider  the  resistance  of  unit  length  of  this 
standard  wire  as  the  unit  resistance  :  thus,  we  find  Lenz, 
in  1838,  stating  that  one  foot  of  No.  11  copper  wire  was 
his  "unit"  of  resistance — a  unit,  however,  which  he 
appeared  to  have  selected  at  random,  and  without  any 
idea  of  suggesting  that  it  should  be  used  by  others. 

In  1840  Wheatstone  constructed  the  first  instrument 
by  which  definite  multiples  of  a  resistance  unit  could  at 
will  be  added  to,  or  substracted  from,  a  circuit.  And 
in  1843  he  proposed  that  the  resistance  of  one  foot  of 
copper  wire  weighing  100  grains,  which  was  selected  with 
reference  to  the  British  standards  of  length  and  weight, 
should  constitute  the  standard  of  resistance.  Later  on 
other  wires  were  proposed  as  units  of  resistance ;  and, 
to  avoid  the  inconvenience  arising  from  the  multiplicity 
of  standards,  Jacobi.  in  1848,  sent  a  certain  copper  wire 
to  Poggendorffand  to  others,  requesting  that  copies  might 
be  taken  of  it.  For  Jacobi  pointed  out  that  the  mere 
definition  of  a  standard  of  resistance  in  terms  of  the 
length  and  weight  of  a  wire  of  some  material  was  not 
sufficiently  definite,  and  that  good  copies  of  a  standard, 
even  if  that  standard  had  been  originally  chosen  at 
random,  would  be  more  exact. 

Until  about  1850,  measurements  of  resistance  were 
confined,  with  few  exceptions,  to  the  laboratory,  but  about 
that  time  underground  wires,  followed  shortly  afterwards 
by  submarine  cables,  began  to  be  employed ;  and,  since 
it  was  impossible  to  ascertain  the  position  of  a  defect 
in  such  a  telegraph  line  by  inspection,  electrical  methods 
of  "localising  the  position  of  a  fault"  by  measuring 
the  resistance  of  the  wire  between  the  testing  station 
and  the  faulty  spot  had  to  be  developed.  As  early  as 
1847  C.  F.  Varley  is  said  to  have  used  a  rough  method 
of  distance  testing,  while  in  1850  Werner  Siemens 
published  two  methods,  and  in  1852  Charles  Bright 
patented  a  plan  for  determining  the  position  of  a  fault 
by  the  use  of  resistance  coils. 

The  first  effect  of  this  commercial  use  of  resistance 
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was  to  turn  the  "  foot "  of  the  laboratory  into  the 
"  mile  "  :  thus,  the  unit  of  resistance  in  England  became 
that  of  a  mile  of  No.  1 6  copper  wire ;  in  Germany,  of  a 
German  mile  of  No.  8  iron  wire  ;  and  in  France,  of  a 
kilometre  of  iron  wire  4  millimetres  in  diameter.  Next, 
Marie  Davy  and  De  la  Rue  pointed  out  that,  as  it  was 
possible  by  chemical  cleaning  and  subsequent  distilling 
to  remove  practically  all  impurities  from  mercury,  this 
metal  was  specially  suitable  for  selection  as  a  standard 
substance;  and  in  1860  Werner  Siemens  constructed 
standards  in  which  his  unit  was  the  resistance  of  a 
column  of  chemically  pure  mercury  1  metre  long,  1  square 
millimetre  in  cross-section  at  a  temperature  of  0°C. 

The  definition  of  the  "  Siemens  unit "  of  resistance 
was  a  very  simple  one ;  and,  since  mercury  in  a  nearly 
pure  state  is  not  very  difficult  to  obtain,  it  might  be 
thought  that  the  unit  proposed  by  Siemens  would  have 
been  finally  adopted.  The  simplest  way,  however,  to 
obtain  a  column  of  mercury  of  uniform  cross-section  is 
to  place  mercury  in  a  tube  of  uniform  bore,  arid  the 
cross-section  of  the  bore  of  such  a  tube  can  be  most 
accurately  determined  by  finding  the  weight  of  mercury 
that  is  contained  in.  a  given  length,  and  deducing  the 
volume  from  a  knowledge  of  the  specific  gravity  of 
mercury.  Although,  then,  the  definition  of  Siemens 
unit  is  apparently  based  simply  on  length,  cross-section, 
and  temperature,  it  really  depends  011  weight,  specific 
gravity,  and  temperature. 

In  the  specimens  of  this  unit  originally  issued  there 
was  an  error  of  2  per  cent.,  and  even  in  later  issues  an 
error  of  over  one-quarter  per  cen.t."  was  introduced  up  to 
1873,  through  Werner  Siemens  having  adopted  13-557  as 
the  specific  gravity  of  mercury  instead  of  13' 596.  The 
labour,  however,  bestowed  by  the  late  Werner  von 
Siemens  on  perfecting  electrical  measurements  merits 
special  recognition,  as  it  materially  helped  in  introducing 
strict  accuracy. 

All  the  preceding  units  of  resistance  are  based  on  the 
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more  or  less  arbitrary  size  and  weight  of  some  more  or 
less  suitable  material;  but  measurements  of  resistance 
can  be  conceived  and  carried  out  entirely  without 
reference  to  the  special  qualities  of  any  particular 
material.  In  1849  Kirchhoff  effected  a  measurement 
of  this  kind  ;  but  it  is  to  W.  Weber  that  we  owe  the 
first  distinct  proposal,  made  in  1851,  of  a  system  of 
electrical  and  magnetic  measurement  in  which  an  elec- 
trical resistance  would  be  expressed  as  an  absolute 
velocity,  were  "magnetic  permeability"  a  simple  numeric. 

Previous  to  this,  Gauss,  desiring  to  make  precise 
measurements  of  the  distribution  of  terrestrial  mag- 
netism, found  it  necessary  at  the  outset  to  decide  on  a 
unit  of  force  which,  unlike  the  weight  of  a  given  mass, 
should  not  be  affected  by  the  position  of  the  place  at 
which  the  experiment  was  made,  and  on  a  magnetic 
pole  whose  strength  should  be  independent  of  any 
molecular  change  in  steel.  He  therefore  devised  what 
have  since  become  well  known  as  Gauss's  "  absolute  unit 
of  force"  and  the  "  unit  magnetic  pole"  the  former 
being  denned  as  the  force  which,  acting  on  unit  mass, 
generates  unit  acceleration,  and  the  latter  as  the  pole 
which  repels  an  exactly  similar  pole  at  unit  distance 
with  unit  force. 

Following  Gauss's  nomenclature,  Weber  called  the 
two  systems  of  units  to  which  he  was  led  the  "  absolute 
electromagnetic"  and  the  "absolute  electrostatic"  systems  ; 
but  the  name  "  derived  "  would  have  conveyed  the  mean- 
ing better  than  "  absolute,"  since  the  essence  of  Weber's 
system  consisted  in  the  various  electrical  and  magnetic 
units  being  derived  from  those  of  length,  mass,  and  time. 

As  soon  as  the  proposal  of  Weber  appeared,  W. 
Thomson  (now  Lord  Kelvin)  accepted  and  extended  it 
by  showing  that  the  absolute  unit  of  work  formed  part 
of  the  same  system.  And  ten  years  later,  at  the  meeting 
of  the  British  Association  in  1861,  W.  Thomson  proposed 
that  a  Committee  of  that  Association  should  be  formed 
to  determine  the  best  standard  of  electrical  resistance. 
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This  Committee,  which  consisted  of  only  six  names 
at  the  outset,  gradually  increased  its  numbers  as  it 
enlarged  the  scope  of  its  work.  A  few  of  the  members 
of  thirty  years  ago  are  still  taking  an  active  part  in  the 
labours  of  the  Committee  on  Electrical  Standards  of 
to-day,  but  the  Committee  has  lost  by  death  Clerk 
Maxwell,  Cromwell  Varley,  Fleeming  Jenkin,  Joule, 
Matthiessen,  and  others  whose  names  are  distinguished 
for  the  active  part  they  took  in  the  development  of 
electrical  science. 

The  principle  of  the  method  employed  by  the  British 
Association  Committee  in  1863  for  the  determination  of 
the  unit  of  resistance  was,  briefly,  as  follows :  If  a  coil  like 
that  of  a  tangent  galvanometer — for  example,  cc  (Fig.  52, 
page  96) — be  spun  in  a  uniform  magnetic  field  round  a 
vertical  axis  passing  through  the  centres  of  the  coil  and 
of  the  needle,  an  E.M.F.  is  induced  in  the  coil,  this 
E.M.F.  reaching  its  maximum  when  the  plane  of  the  coil 
is  parallel  to  the  lines  of  force,  and  becoming  zero  when 
it  is  perpendicular  to  the  lines  of  force.  If,  then,  the 
coil  be  short-circuited  a  current  will  be  induced  in  it, 
and,  although  the  E.M.F.  reverses  its  direction  eacli 
time  the  plane  of  the  coil  is  perpendicular  to  the  lines 
of  force,  and  although,  therefore,  as  regards  the  coil  the 
current  flows  in  opposite  directions  during  the  two 
halves  of  its  revolution,  it  flows  in  the  same  direction  as 
regards  the  needle.  Hence,  for  a  uniform  speed  of 
rotation  of  the  coil  there  will  be  a  constant  mean  value 
of  the  deflecting  force  exerted  011  the  suspended  needle, 
and,  therefore,  if  the  time  taken  by  the  coil  to  make  one 
revolution  is  small  compared  with  the  time  of  vibration 
of  the  needle,  the  needle  will  remain  steadily  deflected  as 
if  it  were  acted  on  by  a  perfectly  constant  deflecting 
force. 

Further,  since  for  a  given  angular  velocity  of  the 
coil  the  average  value  of  the  induced  current  is  directly 
proportional  to  the  strength  of  the  uniform  magnetic 
field,  while  the  controlling  -force  exerted  on  the  needle 
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is  also  directly  proportional  to  the  strength  of  this 
magnetic  field,  it  follows  that  the  magnitude  of  the 
deflection  is  independent  of  the  field.  And,  as  proved 
on  page  91,  the  deflection  is  also  independent  of  the 
strength  of  the  needle.  In  fact,  when  the  equations 
connecting  the  various  electric  and  magnetic  magni- 
tudes are  written  in  their  simplest  forms,  without  the 
introduction  of  useless  coefficients,  it  can  be  shown  that, 
to  the  first  degree  of  approximation, 

,        7T2  a  n?  a) 
tan.  a  —  ---- 


where  d  is  the  angular  deflection  produced  by  a  coil  of 
mean  radius  a,  wound  with  n  convolutions  of  wire,  and 
having  a  resistance  r,  when  spun  with  a  uniform  angular 
velocity  w,  in  a  medium  the  magnetic  permeability  of  which 
is  taken  as  the  simple  numeric  unity,  without  dimensions. 
The  product  aw  in  the  last  equation  equals  v,  the 
linear  velocity  of  a  point,  c  (Fig.  52,  page  96),  at  the 
end  of  a  horizontal  diameter;  hence, 

TT*n* 

—  9}  * 

i   "  y 
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or  the  resistance  of  the  coil  equals  a  number  multiplied 
into  the  linear  velocity  of  a  point  at  the  end  of  a  hori- 
zontal diameter. 

If  v  be  measured  in  centimetres  per  second,  then  r 
will  be  expressed  in  absolute  electromagnetic  units  of 
resistance.  This  unit  would,  however,  be  inconveniently 
small  for  practical  purposes,  since,  for  example,  1  mile 
of  copper  wire,  TVth  of  an  inch  in  diameter,  has  a  re- 
sistance of  about  fourteen  thousand  million,  14  x  109,  of 
such  units,  and  a  Siemens  mercury  unit  equals  about 
98  x  107  absolute  electromagnetic  units.  It  was,  there- 
fore, decided  to  call  109  of  these  new  units  1  B.A.  unit; 
and,  in  order  to  familiarise  people  with  its  use,  Sir 
Charles  Bright  and  Mr.  Latimer  Clark  proposed  the 
distinctive  name  of  "ohmad"  which,  in  its  abbreviated 
form  of  ohm,  was  finally  adopted. 
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Twenty-six  coils  having  nearly  the  form  shown  in 
Fig.  134  (page  276),  wound  with  platinum  silver  wire, 
and  adjusted  so  as  to  have  1  B.A.  unit  of  resistance, 
were  distributed  gratuitously  in  1865  to  the  directors 
of  public  telegraphs  in  various  countries,  and  to  other 
important  people.  Also  the  Committee  announced  that 
they  would  furnish  similar  coils  at  the  price  of  £2  10s. 
apiece,  and  would  undertake  "to  verify  at  a  small 
charge  any  coils  made  by  opticians,  as  is  done  for 
thermometers  and  barometers  at  Kew."  The  expression 
"  opticians "  is  interesting  as  indicating  that  the  elec- 
trical instrument  maker — of  which  so  many  exist  to-day 
— was  unknown  in  1865. 

A  platinum-silver  alloy  containing  33  per  cent,  of 
platinum  and  66  per  cent,  of  silver  was  used  for  the 
wire  of  these  copies  of  the  standard,  in  consequence  of 
the  results  obtained  by  Matthiessen  in  his  excellent 
work  "  On  the  Variation  of  the  Electrical  Resistance 
of  Alloys  due  to  Change  of  Temperature,  *  On  the 
Electrical  Permanency  of  Metals  and  Alloys,"  &c.  &c., 
accounts  of  which  formed  part  of  the  Committee's  Reports 
for  1862,  1863,  1864,  and  1865. 

The  Report  for  1863  was  also  remarkable  in  con- 
taining a  most  valuable  article  by  Clerk  Maxwell  and 
Fleeming  Jenkin  "  On  the  Elementary  Relations  between 
Electrical  Measurements."  To  that  article  the  author 
is  indebted  for  nearly  all  his  early  ideas  on  the  subject 
of  exact  electrical  measurement,  for  at  the  time  that  it 
appeared  there  existed  no  one  of  the  hundred  text-books 
of  the  present  day  dealing  with  the  quantitative  science  of 
electricity,  as  distinct  from  the  qualitative  effects  obtain- 
able with  glass-legged  stools  and  electrified  heads  of  hair. 
Indeed,  ten  years  later  Fleeming  Jenkin  said,  in  the 
preface  to  his  book  on  "  Electricity  and  Magnetism," 
published  in  1873  : — "In  England  at  the  present  time 
it  may  almost  be  said  that  there  are  two  sciences  of 
Electricity — one  that  is  taught  in  ordinary  text-books, 
*  See  §  86,  page  266. 
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and  the  other  a  sort  of  floating  science  known  more  or 
less  perfectly  to  practical  electricians,  and  expressed  in 
a  fragmentary  manner  in  papers  by  Faraday,  Thomson, 
Maxwell,  Joule,  Siemens,  Matthiessen,  Clark,  Varley, 
Culley,  and  others.  .  .  A  student  might  have  mastered 
De  la  Hive's  large  and  valuable  treatise,  and  yet  feel  as  if 
in  an  unknown  country  and  listening  to  an  unknown 
tongue  in  the  company  of  practical  men.  It  is  also  not 
a  little  curious  that  the  science  known  to  the  practical 
men  was,  so  to  speak,  far  more  scientific  than  the  science 
of  the  text-books." 

In  the  1863  Report  of  the  B.A.  Committee  the 
"  absolute  electromagnetic  unit  of  current "  is  defined  as 
the  current  which,  flowing  through  unit  length  placed 
along  the  circumference  of  a  circle  of  unit  radius,  exerts 
a  unit  of  magnetic  force  at  the  centre.  Methods  are 
also  described  for  measuring  a  current  in  absolute  units 
by  employing  Weber's  "  electro-dynamometer"  an  instru- 
ment in  which  the  torque  is  measured  that  is  exerted 
between  two  coils  conveying  the  current  in  question. 
The  weight  of  water  that  is  decomposed  per  second,  as 
well  as  the  weight  of  zinc  that  is  deposited  per  second 
by  this  absolute  unit  of  current  are  stated  when  the 
centimetre,  gramme,  and  second  are  taken  as  the  funda- 
mental units  of  length,  mass,  and  time.  But  of  so  little 
practical  importance  was  a  unit  of  current  at  that  time 
that  no  multiple  of  the  absolute  unit  was  chosen  for  com- 
mercial purposes,  and,  therefore,  no  name  corresponding 
with  that  of  the  ohm  was  given  to  a  unit  of  current. 

Denning,  however,  the  "absolute  electromagnetic 
unit  of  difference  of  potentials  "  as  that  which  sends  the 
absolute  electromagnetic  unit  of  current  through  the 
absolute  electromagnetic  unit  of  resistance,  then  Lord 
Kelvin  had  shown  in  1857  (see  §  146,  page  479)  that 
the  E.M.F.  of  a  Daniell's  cell  was  about  108  absolute 
electromagnetic  units  of  P.D.  in  the  centimetre,  gramme, 
second  system,  a  result  that  was  subsequently  confirmed 
by  Bosscha.  There  was,  therefore,  a  good  reason  for 
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giving  a  distinctive  name  to  108  absolute  electromagnetic 
units  of  P.D. ;  and  in  1862,  at  the  suggestion  of  Sir 
Charles  Bright  and  Mr.  Latimer  Clark,  the  name  volt 
•was  adopted  for  this  purpose. 

Passing  over  the  Reports  for  the  next  three  years, 
we  come  to  that  for  1867,  which,  in  addition  to  contain- 
ing an  account  of  Fleeming  Jenkin's  first  determination 
of  the  capacity  of  a  condenser,  and  a  most  interesting 
description  of  various  electrometers  constructed  by  Lord 
Kelvin,  is  remarkable  in  that  there  is  given  in  it  the 
results  obtained  by  Joule  of  a  very  accurate  determina- 
tion of  the  mechanical  equivalent  of  heat  carried  out  elec- 
trically. Joule  remarks,  in  connection  with  these  results  : 
"The  equivalents  obtained  in  the  two  foregoing  series 
of  experiments  are  as  much  as  one-fiftieth  in  excess  of 
the  equivalent  I  obtained  in  1849  by  agitating  water." 

The  significance  of  the  preceding  remark  was  not 
appreciated  at  the  time,  for  it  was  supposed  that  the  dis- 
crepancy arose  from  the  inherent  difficulties  met  with  in 
such  experiments,  and  it  was  not  even  suspected  that 
the  difference  between  the  value  of  the  mechanical 
equivalent  of  heat  obtained  mechanically  by  Joule  in 
1849  and  electrically  by  his  experiments  conducted 
between  1865  and  1867  really  indicated  that  the  B.A. 
unit  of  resistance  had  a  value  something  like  2  per  cent, 
less  than  the  ideal  value  it  was  intended  to  possess. 

The  British  Association  Committee  had  aimed  at 
choosing  the  absolute  unit  of  resistance  and  the  absolute 
unit  of  current,  so  that  when  a  centimetre,  gramme,  and 
second  were  taken  as  the  fundamental  units  of  length, 
mass,  and  time,  the  power  given  to  any  circuit  stated  in 
ergs  per  second  should  be  equal  to  the  product  of  the 
resistance  of  the  circuit  in  absolute  units  into  the  square 
of  the  current  in  absolute  units.  Hence,  by  sending  a 
current,  the  absolute  value  of  which  Joule  himself 
measured  with  great  accuracy,  through  a  resistance  the 
value  of  which  was  determined  by  direct  comparison 
with  the  B.A.  unit,  he  was  able  to  calculate  the  power 
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in  ergs  per  second  given  to  the  circuit.  If,  however,  the 
B.A.  unit  was,  say,  2  per  cent,  too  small,  then  Joule 
would  over-estimate  the  total  energy  given  to  his  calori- 
meter by  2  per  cent.,  and,  consequently,  would  arrive  at 
a  value  for  the  mechanical  equivalent  of  heat  2  per  cent. 
larger  than  the  true  value. 

Thinking,  however,  that  the  high  value  of  his  result 
arose  from  imperfections  in  his  apparatus,  Joule  effected 
a  number  of  improvements,  and  then  carried  out  a  fresh 
series  of  determinations.  But,  in  spite  of  all  the  pre- 
cautions which  he  took,  his  final  value  of  the  mechanical 
equivalent  of  heat  obtained  electrically  was  about  1-4 
per  cent,  higher  than  the  value  which  he  had  previously 
obtained  by  stirring  water. 

No  explanation  of  the  discrepancy  just  referred  to 
was  forthcoming,  and  the  B.A.  unit  was  employed  as  the 
practical  unit  of  resistance  in  Great  Britain  during  the 
next  ten  years ;  the  Siemens  unit,  however,  continued  to 
be  used  as  the  standard  in  Germany  and  some  other 
countries. 

Redeterminations  of  the  ohm  were  carried  out  by 
Lorenz  in  1873,  by  F.  Kohlrausch  in  1874,  by  H.  F. 
Weber  in  1877,  by  Rowland  in  1878,  and  by  Rayleigh 
and  Schuster  in  1881  ;  and  although  the  methods  of  ex- 
perimenting employed  in  these  five  investigations  were 
radically  different,  the  results  all  agreed  in  showing  that 
the  resistance  of  the  B.A.  standard  coil  was  something 
like  1  per  cent,  too  small.  There  could  be  no  doubt 
then  that  some  mistake  must  have  been  made  by  the 
British  Association  Committee  either  in  carrying  out 
the  experiment  described  in  page  572,  or  in  reducing 
the  results  of  the  measurements. 

In  1881  the  International  Electric  Exhibition  was 
held  in  Paris,  and  the  modern  industry  of  electrical 
engineering  may  almost  be  said  to  date  its  existence  from 
that  year.  A  subsidy  of  £8,000  was  given  by  the  French 
Government  towards  the  expenses  of  this  Exhibition, 
and  a  further  subsidy  of  .£4,000  for  defraying  the  cost 
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of  holding  an  International  Congress  of  Electricians. 
The  Congress  was  divided  into  three  sections,  one  of 
which  was  entirely  occupied  with  the  consideration  of 
the  steps  to  be  taken  to  secure  the  general  adoption  of 
"an  international  system  of  electrical  units." 

Everything  depended  on  the  selection  of  the  unit  of 
resistance,  and,  consequently,  the  attention  of  Section  I. 
of  the  Congress  was  mainly  devoted  to  the  discussion  of 
this  unit.  The  German  representatives  strongly  urged 
that  the  unit  proposed  and  constructed  by  Siemens 
possessed  the  great  merits  of  simplicity  of  definition  and 
comparative  facility  for  being  reproduced  if  destroyed, 
and,  therefore,  that  the  Siemens  unit  was  the  one  that 
ought  to  secure  universal  recognition.  On  the  other  hand, 
the  English  representatives,  while  admitting  that  the  diffi- 
culties connected  with  the  absolute  determination  of  the 
ohm  had  led  to  the  introduction  of  an  error  of  over  1  per 
cent,  in  the  concrete  standard  issued  by  the  British 
Association,  advocated  the  importance  of  the  system  in 
which  the  unit  of  resistance  was  based  on  the  funda- 
mental units  of  length,  mass,  and  time,  and  not  on  the 
qualities  of  some  special  material  like  mercury. 

Of  the  other  nations  represented  at  the  Congress, 
some  supported  the  Germans,  while  others  sympathised 
with  the  system  that  had  been  developed  by  the  British 
Association ;  and  ultimately,  after  a  week's  animated 
debating,  the  following  resolutions  were  unanimously 
adopted  as  the  result  of  a  very  happy  compromise  which 
was  arrived  at :  — 

"  1.  For  electrical  measurements,  the  fundamental 
units,  the  centimetre  for  length,  the  gramme  for  mass, 
and  the  second  for  time  (C.G.S.),  are  adopted. 

"  2.  The  practical  units,  the  Ohm  and  the  Volt,  are 
to  retain  their  existing  definitions — 109  for  the  Ohm 
and  108  for  the  Volt. 

"  3.  The  unit  of  resistance  (Ohm)  is  to  be  represented 
by  a  column  of  mercury  one  square  millimetre  in  section 
at  the  temperature  of  zero  Centigrade, 
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"  4.  An  International  Commission  is  to  be  appointed 
to  determine,  by  fresh  experiments,  the  length  of  a 
column  of  mercury  one  square  millimetre  in  section  at  a 
temperature  of  zero  Centigrade,  which  for  practical  pur- 
poses is  to  represent  the  Ohm. 

"  5.  The  current  produced  by  a  Volt  through  an 
Ohm  is  to  be  called  an  Ampere. 

"  6.  The  quantity  of  electricity  given  by  an  Ampere 
in  a  second  is  to  be  called  a  Coulomb. 

"  7.  The  capacity  denned  by  the  condition  that  a 
Coulomb  charges  it  to  a  Volt  is  to  be  called  a  Farad." 

By  the  adoption  of  the  preceding  seven  resolutions 
the  Congress  agreed — 

(a)  To   accept    the   British   Association   system   of 
absolute  units  for  international  use,  but  not  the  concrete 
standard  which  the  B.A.  Committee  had  issued  as  repre- 
senting   109   C.G.S.   absolute   electromagnetic   units   of 
resistance. 

(b)  To  meet  the  wishes  of  the  Germans  by  employing 
as  the  practical  standard  the  resistance  of  a  column  of 
mercury   1   square  millimetre  in   section  at  0°C.;    but, 
instead  of  selecting  a  purely  arbitrary  length  like  that 
of  1  metre,  as  Siemens  had  done,  to  ascertain  by  a  series 
of  fresh  experiments  the  length  of  such  a  column  which 
had  the  resistance  of  109  C.G.S.  units. 

(c)  To   pay   a   graceful   compliment  to   the  French 
nation,    in  whose  country  the  Congress  was   held,   by 
employing   for   the   future   the   names   of   two  French 
experimenters,  Ampere  and  Coulomb,  for  the  units  of 
current  and    quantity,    to   which  no   names   had  "been 
previously  given  *  with  general  consent. 

The  next  "  International  Conference  for  the  Deter- 
mination of  the  Electrical  Units  "  was  held  in  Paris  in 
October,  1882.  Professor  Mascart  described  the  various 
methods  that  were  known  for  determining  the  length  of 

*  The  names  of  Weber  for  the  unit  of  quantity,  and  Weber  per 
Second,  or  Oerstcdt,  for  the  unit  of  current  had  been  used  by  some 
writers. 
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the  column  of  mercury  1  square  millimetre  in  cross- 
section,  which  had  a  resistance  of  109  C.G.S.  units  at 
0°C.  ;  and  the  relative  values  of  these  methods,  together 
with  the  results  that  had  been  obtained  by  their  use, 
were  considered. 

Professor  von  Helmholtz  expressed  the  view  that,  of 
all  the  investigations  on  the  value  of  the  ohm  of  which 
accounts  had  been  published  up  to  that  time,  those  of 
Lord  Rayleigh  appeared  to  be  the  only  ones  that  had 
been  carried  out  with  the  necessary  degree  of  accuracy. 

According  to  the  experiments  of  Lord  Rayleigh, 
1  B.A.  unit  equalled  0'9867  x  109  C.G.S.  units,  and 
the  required  length  of  the  column  of  mercury,  which 
under  the  specified  conditions  had  a  resistance  of  1  ohm, 
was  106-24  centimetres.  Other  experimenters,  however, 
obtained  a  somewhat  shorter  length ;  and  the  Com- 
mission of  1882  was  ultimately  led  to  the  following 
resolutions : — 

FIRST    RESOLUTION. 

"  The  Commission  considers  that  the  determinations 
made  up  to  the  present  time  do  not  possess  tJie  amount  of 
agreement  that  is  necessary  to  fix  the  numerical  value  oj 
the  Ohm  in  terms  of  the  mercury  column. 

"  It  considers,  therefore,  that  further  experiments 
should  be  carried  out. 

"  Without  being  able  to  give  an  authoritative  opinion 
regarding  the  different  methods  that  have  not  yet  been  put 
into  practice,  it  is  of  opinion  that  the  following  are 
suitable  for  giving  very  exact  result : — 

"  1.  Induction  of  a  current  in  a  closed  circuit. 
(Kirchhoff.) 

"2.  Induction  by  the  earth.     (W.  Weber.} 

11  3.  Damping  of  the  motion  of  swinging  magnets. 
(W.  Weber.) 

"  4.  JBritish  Association  apparatus. 

"  5.  Lorenz  method. 

11  In  addition,  it  is  desirable  that  a  new  determination 
should  be  made  of  the  quantity  of  heat  produced  by  a 
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current  of  known  strength,  this  experiment  being  for  the 
purpose  either  of  controlling  the  value  of  the  ohm  or  of 
settling  with  greater  accuracy  the  mechanical  equivalent 
of  heat" 

SECOND    RESOLUTION. 

"  The  Conference  expresses  the  wish  that  the  French 
Government  will  take  the  necessary  steps  to  place  the  same 
standard,  or  several  standards,  of  resistance  at  the  service  of 
experimenters  who  are  engaged  in  absolute  measurements, 
in  order  to  render  it  easy  for  comparisons  to  be  made. 

"  The  Commission  is  of  opinion  that,  as  soon  as  the 
results  of  the  different  investigations  show  an  agreement 
which  permits  of  an  approximation  to  the  one-thousandth  part 
being  arrived  at,  it  will  be  desirable  to  stop  at  this  approxi- 
mation,and  use  it  to  fix  the  practical  standard  of  resistance. 

"In  conclusion,  the  Commission  expressed  the  wish  : 

"  That  the  French  Government  will  see  fit  to  transmit 
to  each  of  the  Governments  represented  at  the  Conference 
its  desire  that,  in  view  of  the  importance  and  urgency  of 
a  practical  solution,  it  will  take  the  necessary  steps  to 
encourage  the  researches  of  its  people  relating  to  the 
determination  of  the  electrical  units" 

By  1884  a  number  of  new  determinations  of  the 
value  of  the  ohm  had  been  carried  out,  and  the  results, 
as  far  as  they  were  generally  known  at  the  holding  of 
the  second  session  of  the  International  Conference  at 
Paris  in  April,  1884,  were  as  follows  : — 

I. — MEAN  ACTION  ON  A  MAGNETIC  NEEDLE  OF  A 
CURRENT  INDUCED  IN  A  ROTATING  FRAME. 

Value  of  the  Ohm  Expressed  in 
Centimetres  of  Mercury  1  Square 
Date  and  Observer.  Millimetre  in  Section  at  0°C. 

1865.  Committee  of  the  British  Association     104*83 

1881.  Lord  Rayleigh  and  Schuster  ...      105-96 

1882.  Lord  Rayleigh  106-27 

1882.  H.  F.  Weber 106-13 

II. — CALORIMETRIC  METHOD. 

1866.  Joule..  106-22 
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III. — STEADY  P.P.  INDUCED  IN  A  ROTATING  Disc 
BALANCED  AGAINST  THE  P.  D.  PRODUCED  BY  A  BATTERY. 

Value  of  the  Ohm  Expressed  in 
Centimetres  of  Mercury  1  Square 
Date  and  Observer.  Millimetre  in  Section  at  0°C. 

1873.  Lorenz  (preliminary)  107'10 

1883.  Lord  Rayleigh  and  Mrs.  Sidgwick  ...     106-22 

1884.  Lorenz   "        106-19 

1884.  Lenz 106-13 

IV. — DISCHARGE  INDUCED  IN  A  FRAME  WHEN  TURNED 

THROUGH  AN  ANGLE  OF  180°  IN  A  MAGNETIC  FlELD. 

1874.  F.  Kohlrausch  105-91 

1884.  Mascart.  De  Nerville,  and  Benoit   ...      106-31 
1884.  G.  Wiedemann          ...          106-19 

V. — DISCHARGE  INDUCED  IN  A  COIL  BY  ALTERING  THE 
CURRENT  IN  ANOTHER  COIL. 

1878.  Rowland        10576 

1882.  Glazebrook 106-28 

1884.  Mascart,  De  Nerville  and  Benoit    ...  106-31 

1884.  H.  F.  Weber...          .-..          105-37 

1884.  Iloiti -.  105-90 

VI. — DAMPING  OF  THE  VIBRATION  OF  A  MAGNET. 

1882.  Dorn ...  105-46 

1884.  Wild 105-68 

1884.   H.  F.  Weber...  105-26 


Mean  of  the  whole   ... 

In  consequence  of  the  difference  in  the  methods 
adopted  in  carrying  out  the  investigations  as  well  as  in 
the  skill  possessed  by  the  various  experimenters,  it 
would  have  been  right,  scientifically,  to  give  different 
weights  to  the  results  before  taking  the  mean.  This, 
however,  was  regarded  as  too  delicate  a  matter  to  under- 
take; and  although  it  seemed  pretty  certain  that  the 
true  number  exceeded  106'2  centimetres,  it  was  thought 
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better  to  accept  106,  the  nearest  whole  number  to  the 
arithmetic  mean,  in  order  to  avoid  all  question  of 
national  jealousy.  The  resolutions  of  the  1884  Con- 
ference were,  therefore,  as  follows  : — 

"1.  The  legal  ohm  is  the  resistance  of  a  column  of 
mercury  of  a  square  millimetre  cross-section  and  106 
centimetres  in  length,  at  a  temperature  of  melting  ice. 

"  2.  The  Conference  expresses  the  wish  that  the  French 
Government  will  transmit  this  resolution  to  the  various 
States,  and  recommend  the  international  adoption  of  it. 

"  3.  The  Conference  recommends  the  construction  of 
primary  standards  in  mercury  in  accordance  with  the 
resolution  previously  adopted,  and  the  concurrent  em- 
ployment of  sets  of  secondary  resistances  in  solid  alloys 
which  shall  be  frequently  compared  amongst  one  another, 
and  with  the  primary  standard. 

Cl  4.  The  ampere  is  the  current  the  absolute  value  of 
which  is  10-1  in  electromagnetic  units. 

"  5.  The  volt  is  the  electromotive  force  which  main- 
tains a  current  of  one  ampere  in  a  conductor  the  resistance 
of  ivhich  is  one  legal  ohm." 

Many  people  considered  at  the  time  that  the  Con- 
ference had  come  to  a  decision  too  hurriedly,  and  that, 
had  the  matter  been  postponed  for  a  year  or  two,  the 
value  of  the  ohm  in  terms  of  the  column  of  mercury 
might  have  been  stated  with  greater  accuracy.  Ex- 
perience, however,  showed  that  unless  the  decision  had 
been  postponed  for  several  years,  nothing  would  have 
been  gained  from  the  delay  ;  for  the  results  obtained  up 
to  the  end  of  the  next  year,  1885,  were  as  follows  : — 

Method  No.  II.,  1885.     Fletcher  ...  105-95 

„       No.  Ill,  1884.     Rowland,  Kimball,and 

Duncan 106'29 

„       No.  III.,  1885.     Lorenz  105-93 

No.   V.,  1884.     Rowland  and  Kimball  106-31 

„       No.  V.,  1885.     Himstedt      ...      "...  105'98 

Mean  106-09 
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And  the  mean  of  these  five  new  determinations  does  not 
differ  much  from  the  mean  of  the  results  published 
before  the  holding  of  the  1884  Conference. 

The  next  step  was  the  resolution  arrived  at  by  the 
British  Association  Committee  on  Electrical  Standards 
at  their  meeting  in.  Birmingham,  in  1886,  to  recommend 
to  the  English  Government — 

"  (1)  To  adopt  for  a  term  of  ten  years  the  Legal  Ohm 
of  the  Paris  Congress  as  a  legalised  standard  sufficiently 
near  to  the  absolute  Ohm  for  commercial  purposes. 

"  (2)  That  at  the  end  of  the  ten  years'  period  the 
Legal  Ohm  should  be  defined  to  a  closer  approximation 
to  the  absolute  Ohm. 

"  (3)  That  the  resolutions  of  the  Paris  Congress  with 
respect  to  the  Ampere,  the  Volt,  the  Coulomb,  and  the 
Farad  be  adopted. 

"  (4)  That  the  Resistance  Standards  belonging  to 
the  Committee  of  the  British  Association  on  Electrical 
Standards  now  deposited  at  the  Cavendish  Laboratory  at 
Cambridge  be  accepted  as  the  English  Legal  Standards 
conformable  to  the  adopted  definition  of  the  Paris 
Congress." 

The  English  Government,  however,  decided  that  it 
was  premature  to  take  any  action  in  the  matter,  and, 
therefore,  although  many  resistance  boxes  graduated  in 
"  legal  ohms  "  were  constructed  in  England  during  the 
next  few  years  (see  note,  page  600),  neither  this  unit  of 
resistance  nor  any  other  of  the  electrical  units  just 
referred  to  had  any  legal  value  in  Great  Britain. 

Although  the  1884  Conference  thought  it  politic  to 
take  the  arithmetic  mean  of  all  the  results  given  in  the 
table  on  page  581  in  order  to  arrive  at  the  value  of  the 
legal  ohm,  there  was  no  question  that  certain  of  the 
numbers  were  much  less  trustworthy  than  others.  For 
example,  an  examination  of  the  calculations  that  had 
been  made  by  the  British  Association  Committee  in 
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1865  brought  to  light  certain  errors  that  had  not 
previously  been  detected. 

Further,  in  1885  Prof.  Mascart  pointed  out  that  the 
method  of  determining  the  value  of  the  ohm  by  measuring 
the  damping  of  the  vibration  of  a  magnet,  when  swinging 
in  a  closed  coil,  was  likely  to  give  erroneous  results  from 
the  alteration  of  the  permanent  magnet  by  the  currents 
induced  in  the  coil ;  and  he  proved  that  this  error  so 
introduced  would  tend  to  make  the  length  of  the  column  of 
mercury  corresponding  with  the  ohm  appear  to  be  too  small. 

Later  on,  when  discussing  the  results .  obtained  by 
Roiti  and  Himstedt  from  their  measurements  of  the 
effect  of  a  series  of  currents  induced  in  a  secondary  coil, 
on  starting  and  stopping  a  current  in  a  primary  coil, 
Prof.  Mascart  drew  attention  to  the  fact  that,  since  it 
was  necessary  to  disconnect  the  galvanometer  from  the 
secondary  coil  at  every  make,  or  else  at  every  break,  of 
the  current  in  the  primary  coil,  there  was  considerable 
risk  of  part  of  the  induced  current  being  lost.  And  he 
pointed  out  that  such  a  diminution  in  the  mean  value  of 
the  induced  secondary  current  would  make  the  required 
length  of  the  mercury  column  appear  to  be  too  low. 

.It  is  further  to  be  noticed  that  Lord  Rayleigh's  1882 
result  may  be  regarded  as  superseding  that  found  by 
Schuster  and  himself  in  1881,  that  the  value  obtained 
by  Lorenz  in  1873  was  professedly  but  a  provisional  one, 
and  that  the  value  arrived  at  by  H.  F.  Weber,  using 
method  No.  V.,  was  manifestly  too  small. 

We  shall,  therefore,  obtain  a  more  accurate  mean  if 
we  neglect  the  first  and  second  results  of  method  No.  I., 
the  first  result  of  method  No.  III.,  the  fourth  result  of 
method  No.  V.,  all  the  results  obtained  with  method 
No.  VI.,  and  the  last  result  in  the  second  table  on 
page  583.  When  this  is  done,  and  when  Rowland's 
1878  value  of  105<76  centimetres  is  replaced  by  106-16, 
which  was  afterwards  found  to  more  accurately  represent 
the  result  of  his  test,  we  obtain  as  the  meadi  of  all  the 
remaining  values  106-17  centimetres. 
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In  1890  the  account  of  a  very  accurate  "  Determina- 
tion of  the  Specific  Resistance  of  Mercury  in  Absolute 
Measure "  by  Lorenz's  method  was  communicated  by  J. 
Viriamu  Jones  to  the  Royal  Society,  from  which  it 
followed  that  106*307  centimetres  was  the  required 
length  of  the  mercury  column  which  represented  the 
ohm.*  This  number,  in  consequence  of  the  great  care 
that  had  been  taken  by  Prof.  Jones  in  arriving  at  it, 
may  with  safety  be  used  to  discriminate  between  the 
various  lengths  previously  published,  and  it  is  seen  that 
it  is  closely  in  accord  with  the  result  106*29  obtained 
by  Rowland,  Kimball,  and  Duncan  in  1884  by  the  use 
of  this  same  method  No.  III.,  as  well  as  with  the  value 
106 '31,  which  represents  the  result  obtained  in  each  of 
three  separate  investigations  also  carried  out  in  1884 — 
viz.  by  Mascart,  De  Nerville,  and  Benoit,  using  method 
No.  IV.,  by  the  same  experimenters  using  method 
No.  V.,  and  by  Rowland  and  Kimball,  also  using 
method  No.  V.  It  also  differs  but  little  from  Lord 
Rayleigh's  result,  100*27,  obtained  by  using  method  No. 
I.,  or  from  that  deduced  Jjy  Glazebrook,  106*28,  from  the 
employment  of  method  No.  V. 

There  is,  then,  a  very  strong  reason  for  believing 
that  the  length  of  106*3  centimetres  is  correct  to  the 
first  four  figures. 

In  December,  1890,  the  Board  of  Trade  appointed 
the  representatives  of  the  Board  of  Trade,  General 

*  The  bobbin  of  the  coil  used  in  this  investigation  was  made 
of  brass,  and  yielded  a  little  when  it  was  being  turned.  This 
caused  it  to  acquire  a  slightly  elliptical  shape  with  a  difference  in 
the  lengths  of  the  axes  of  about  1  part  in  1,300.  The  value 
106*307  given  above  for  the  ohm  was  decided  on  the  assumption 
that  the  coil  was  truly  circular,  but,  in  a  communication  made  to 
the  Physical  Society  in  May,  1896,  Professor  Jones  has  proved 
that  the  correction  for  the  ellipticity  is  about  7  parts  in  100,000. 
Hence,  this  determination  of  the  specific  resistance  of  mercury 
leads  to  the  result  that  the  length  of  the  mercury  column  1 
square  millimetre  in  cross-section,  which  has  a  resistance  of  1  ohm 
at  0°C.,  is  106-300  centimetres  (see  page  599). 
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Post  Office,  Royal  Society,  British  Association,  and 
Institution  of  Electrical  Engineers,  whose  names  are 
given  in  a  note  to  page  24,  "to  be  a  Committee  to 
consider  and  report  whether  any,  and  if  so,  what,  action 
should  be  taken  by  the  Board  of  Trade  under  Section  6 
of  the  Weights  and  Measures  Act,  1889,  with  a  view  of 
causing  new  denominations  of  Standards  for  the  measure- 
ment of  electricity  for  use  for  trade  to  be  made  and  duly 
verified." 

The  first  report  of  this  Committee  was  issued  in  July, 
1891.  It  contained  sixteen  resolutions,  of  which  the 
following  were  the  most  important : — 

"  1 .  That  it  is  desirable  that  new  denominations  of 
standards  for  the  measurement  of  electricity  should  be 
made  and  approved  by  Her  Majesty  in  Council  as  Board 
of  Trade  standards. 

"  3.  That  the  standard  of  electrical  resistance  should 
be  denominated  the  ohm,  and  should  have  the  value 
1,000,000,000  in  terms  of  the  centimetre  and  second. 

"4.  That  the  resistance  offered  to  an  unvarying 
electric  current  by  a  column  of  mercury  of  a  constant 
cross-sectional  area  of  one  square  millimetre,  and  of  a 
length  of  106-3  centimetres,  at  the  temperature  of 
melting  ice,  may  be  adopted  as  one  ohm. 

"5.  That  the  value  of  the  standard  of  resistance 
constructed  by  a  committee  of  the  British  Association 
for  the  Advancement  of  Science  in  the  years  1863  and 
1864,  and  known  as  the  British  Association  unit,  may 
be  taken  as  -9866  of  the  ohm. 

"  6.  That  a  material  standard,  constructed  in  solia 
metal,  and  verified  by  comparison  with  the  British 
Association  unit,  should  be  adopted  as  the  standard 
ohm. 

"9.  That  the  standard  of  electrical  current  should 
be  denominated  the  ampere,  and  should  have  the  value 
one-tenth  (O'l)  on  terms  of  the  centimetre,  gramme,  and 
second. 

"  10.  That  an  unvarying  current  which,  when 
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through  a  solution  of  nitrate  of  silver  in  water,  in 
accordance  with  the  Specification  attached  to  this  Report, 
deposits  silver  at  the  rate  of  0  "00 11 18  of  a  gramme  per 
second,  may  be  taken  as  a  current  of  one  ampere. 

"  12.  That  instruments  constructed  on  the  principle 
of  the  balance,  in  which,  by  the  proper  disposition  of  the 
conductors,  forces  of  attraction  and  repulsion  are  pro- 
duced, which  depend  upon  the  current  passing,  and  are 
balanced  by  known  weights,  should  be  adopted  as  the 
Board  of  Trade  standards  for  the  measurement  of 
current,  whether  unvarying  or  alternating. 

"  13.  That  the  standard  of  electrical  pressure  should 
be  denominated  the  volt,  being  the  pressure  which,  if 
steadily  applied  to  a  conductor  whose  resistance  is  one 
ohm,  will  produce  a  current  of  one  ampere. 

"  14.  That  the  electrical  pressure  at  a  temperature 
of  62°F.  between  the  poles,  or  electrodes,  of  the  voltaic 
cell  known  as  Clark's  cell,  may  be  taken  as  not  differ- 
encing from  a  pressure  of  1  '433  volt,  by  more  than  an 
amount  which  will  be  determined  by  a  sub-committee 
appointed  to  investigate  the  question,  who  will  prepare 
a  specification  for  the  construction  and  use  of  the  cell. 

"16.  That  instruments  constructed  on  the  principle 
of  Sir  W.  Thomson's  Quadrant  Electrometer  used 
idiostatically,  and,  for  high-pressure,  instruments  on  the 
principle  of  the  balance,  electrostatic  forces  being 
balanced  against  a  known  weight,  should  be  adopted 
as  Board  of  Trade  standards  for  the  measurement  of 
pressure,  whether  unvarying  or  alternating." 

Next  followed  the  Specification  (see  §  6,  pages  23-26) 
which  was  referred  to  in  Resolution  10,  and  a  Draft 
Order  in  Council  proposed  by  the  Committee  for  Her 
Majesty's  signature. 

In  August,  1892,  on  the  occasion  of  the  meeting  of 
the  British  Association  at  Edinburgh,  there  was  a  con- 
ference of  its  Committee  on  Electrical  Standards  with 
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Professor  von  Helmholtz,  the  director  of  the  Imperial 
Physico-Technical  Institute  of  Berlin,  Dr.  Guillaume,  of 
the  Bureau  International  des  Poids  et  Mesures  of  France, 
and  Professor  Carhart,  of  the  University  of  Michigan, 
U.S.A. 

Professor  von  Helmholtz  pointed  out  that  in  order 
to  measure  the  bore  of  a  narrow  glass  tube  we  must  fill  it 
with  mercury  and  weigh  it  (see  page  570),  and  therefore 
that  it  would  be  better  to  specify  the  weight  than  the 
cross-section  of  the  column  of  mercury  106 '3  centimetres 
in  length  that  at  0°C.  represented  the  ohm.  He  stated 
that  from  experiments  carried  out  in  his  laboratories  this 
weight  was  found  to  be  14452  grammes,  which,  therefore, 
he  had  already  recommended  the  German  Government  to 
adopt.  He  also  mentioned  that  in  the  recommendations 
to  his  Government  he  had  taken  15°C.  as  the  standard 
temperature  for  the  specification  of  the  E.M.F.  of  the 
Clark's  cell,  and  that  at  15°C.  the  value  was  1'434  volt. 

The  British  Association  Committee  accordingly 
adopted  resolutions  in  conformity  with  the  preceding, 
and  transmitted  these  resolutions  to  the  Board  of  Trade. 
In  consequence  of  this,  the  Committee  of  the  Board  of 
Trade,  after  further  deliberation,  issued  a  .supplement- 
ary report  in  November,  1892,  in  which  their  former 
Resolution  4  was  replaced  by — 

"  4.  That  the  resistance  offered  to  an  unvarying 
electric  current  by  a  column  of  mercury,  at  the  tempera- 
ture of  melting  ice,  14-4521  grammes  in  mass  of  a  constant 
cross-sectional  area,  and  of  a  length  of  106 '3  centimetres, 
may  be  adopted  as  one  ohm," 
and  their  former  Resolution  14  by — 

"14.  That  the  electrical  pressure  at  a  temperature 
of  15°  Centigrade  between  the  poles,  or  electrodes,  of  the 
voltaic  cell,  known  as  Clark's  cell,  prepared  in  accord- 
ance with  the  Specification  attached  to  this  report,  may 
be  taken  as  not  differing  from  a  pressure  of  1-434  volt 
by  more  than  one  part  in  one  thousand." 

Then  followed  the  Specification  referred  to  in  Resolu- 
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tion   14,    which  will  be  found  in  full  in  §  145,  pages 
467-469. 

This  substitution  of  the  Centigrade  for  the  Fahrenheit 
scale  of  temperature  was  only  made  after  some  discus- 
sion; for  this  supplementary  report  was  the  first  document 
issued  by  the  Board  of  Trade  in  which  the  Centigrade 
scale  was  officially  recognised  in  Great  Britain. 

By  1892,  then,  both  the  English  and  the  German 
Governments  were  advised  to  adopt  the  resistance,  at 
0°C.,  of  a  column  of  mercury  106-3  centimetres  long,  of 
uniform  cross-section,  and  weighing  14-4521  grammes,  as 
the  value  of  the  ohm  ;  whereas  the  French  Government, 
some  nine  years  before,  had  legalised  as  the  ohm  the 
resistance,  at  0°C.,  of  a  column  of  mercury  only  106 
centimetres  in  length.  Hence,  before  any  material  unit 
of  resistance  could  receive  international  support,  it  was 
necessary  to  summon  another  international  congress. 
The  United  States  Government  was,  therefore,  advised 
to  utilise  the  occasion  of  the  holding  of  the  World's  Fair 
at  Chicago  in  1893  by  inviting  the  other  Governments 
to  co-operate  with  it  in  sending  representatives  to  con- 
stitute a  " Chamber  of  Delegates"  for  selecting  the  units 
of  electrical  measure.  Five  delegates  were  nominated 
by  America,  and  the  Governments  of  Great  Britain, 
Germany,  and  France  were  each  asked  to  nominate  an 
equal  number,  while  three,  two,  and  in  some  instances 
one,  were  allotted  to  other  countries. 

Ten  countries,  as  enumerated  on  page  173,  were 
actually  represented  in  the  Chamber,  and,  after  many 
sittings,  it  was  agreed  to  adopt  certain  units,  to  each  of 
which  the  name  international  was  to  be  affixed.  The 
definitions  of  the  international  ampere  and  international 
volt  were  the  same  as  those  recommended  by  the  Com- 
mittee of  the  Board  of  Trade  in  the  previous  year,  and 
the  definition  of  the  international  ohm  only  differed  from 
that  of  the  Board  of  Trade  ohm  in  that,  while  the  latter 
had  been  defined  as  having  "the  value  1,000,000,000  in 


DECISIONS   OF   THE   1893  CHICAGO   CONGRESS.        591 

terms  of  the  centimetre  and  second,"  coupled  with  the 
statement  "  that  the  resistance  offered  .  .  .  by  a  column 
of  mercury  .  .  .  may  be  adopted  as  one  ohm,"  the 
international  ohm  was  defined  as  "  based  upon  the  ohm 
equal  to  10°  units  of  resistance  of  the  C.G.S.  system 
of  electromagnetic  units,  and  is  represented  by  the 
resistance  offered  ...  by  a  column  of  mercury," 
&c. 

Hence,  the  resistance  of  the  specified  column  of 
mercury,  which  is  the  secondary  definition  of  the  ohm 
in  the  Board  of  Trade  system,  was  taken  as  the  primary 
definition  in  the  international  system.  As,  however,  the 
specification  of  the  mercury  column  was  exactly  the  same 
in  the  two  cases,  and  as  the  resistance  of  this  column  is 
believed  to  represent  the  ideal  ohm  to  a  high  degree  of 
accuracy,  no  practical  difference  in  the  value  of  the  ohm 
was  introduced  by  this  variation  in  the  form  of  the 
definition. 

From  the  preceding  pages  it  will  be  seen  that,  while 
the  Paris  Congress  and  the  British  Association  Com- 
mittee on  Electrical  Standards  had  defined  and  named 
the  units  of  quantity  and  capacity  as  well  as  those  of 
resistance,  current,  and  E.M.F.,  the  Board  of  Trade  had 
confined  its  attention  to  the  three  latter.  The  Chamber 
of  Delegates,  on  the  other  hand,  embodied  in  their 
definitions  not  only  the  five  units  just  referred  to,  but 
also  the  unit  of  work — the  joule  (see  page  317) — the 
unit  of  power — the  watt  (see  page  326) — and  a  new 
name,  the  "  henry"  for  the  unit  of  self-induction  (see 
page  250),  this  name  being  selected  partly  because  some 
of  the  earliest  work  on  self-induction  had  been  carried 
out  by  Prof.  Henry,  of  America,  and  partly  out  of 
compliment  to  the  nation  at  whose  invitation  the 
Chamber  had  been  summoned. 

The  definition  adopted  for  this  sixth  unit  was  : — 
"As  the  unit  of  induction,  the  henry,  which  is  the 
induction  in  a  circuit  when  the  electromotive  force 
induced  in  this  circuit  is  one  international  volt,  while 
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the  inducing  current  varies  at  the  rate  of  one  ampere 
per  second." 

The  recommendations  made  by  the  Chamber  of 
Delegates,  and  adopted  by  the  International  Congress  in 
August,  1893,  were  passed  by  both  Houses  of  Congress 
in  July,  1894,  in  the  form  of  an  "Act  to  define  and 
establish  the  Units  of  Electrical  Measure,"  which,  after 
receiving  the  signature  of  the  President  of  the  United 
States,  became  law  in  that  country. 

In  August,  1894,  the  Committee  of  the  Board  of 
Trade  submitted  their  final  report  to  the  President  of 
the  Board,  and  stated  that  since  the  International 
Congress  held  in  Chicago  had  adopted,  almost  without 
change,  the  definitions  proposed  by  the  committee  in- 
1892,  "they  saw  no  reason  for  further  delay  in  the 
legislation  of  standards."  The  committee  appended  to 
this  report  a  revised  Draft  Order  in  Council,  which  they 
had  prepared,  and  Mr,  Glazebrook's  Notes  to  the 
Specification  of  the  Clark  cell  (see  pages  470-473).  An 
Order  in  Council  in  the  suggested  form  was  made  by 
Her  Majesty  011  the  23rd  August,  1894,  and  so  became 
law.  The  following  is  the  text : — 
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AT  THE  COURT  AT  OSBORNE  HOUSE, 
ISLE   OP  WIGHT, 

The  23rd  day  of  August,  1894. 

PRESENT, 

THE    QUEEN'S    MOST    EXCELLENT   MAJESTY 
IN   COUNCIL. 

WHEREAS  by  "The  Weights  and  Measures  Act, 
1889,"  it  is  among  other  tilings  enacted  that  the 
Board  of  Trade  shall  from  time  to  time  cause  such  new 
denominations  of  standards  for  the  measurement  of 
electricity  as  appear  to  them  to  be  required  for  use  in 
trade  to  be  made  and  duly  verified. 

And  whereas  it  has  been  made  to  appear  to  the 
Board  of  Trade  that  new  denominations  of  standards 
are  required  for  use  in  trade  based  upon  the  following 
units  of  electrical  measurement,  viz. : — 

1.  The  Ohm,  which  has  the  value  109  in  terms  of 
the  centimetre  and  the  second  of  time  and  is  represented 
by  the  resistance  offered  to  an  unvarying  electric  cur- 
rent by  a  column  of   mercury  at  the  temperature  of 
melting  ice   1 4*4:521  grammes  in   mass    of   a   constant 
cross-sectional  area  and  of  a  length  of  106 '3  centimetres. 

2.  The  Ampere,  which  has  the  value  YV  i*1  terms  of 
the  centimetre,  the  gramme  and  the  second  of  time  and 
which  is  represented  by  the  unvarying  electric  current 
which    when  passed  through  a    solution   of  nitrate    of 
silver   in   water,   in  accordance    with  the   specification 
appended  hereto  and  marked  A,  deposits  silver  at  the 
rate  of  O'OOlllS  of  a  gramme  per  second. 

The  Volt  which  has  the  value  108  in  terms  of  the 
centimetre,  the  gramme  and  the  second  of  time,  being 
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the  electrical  pressure  that  if  steadily  applied  to  a 
conductor  whose  resistance  is  one  ohm  will  produce  a 
current  of  one  ampere,  and  which  is  represented  by 
•6974  (Y°|§)  of  the  electrical  pressure  at  a  temperature 
of  15°C.  between  the  poles  of  the  voltaic  cell  known  as 
Clark's  cell  set  up  in  accordance  with  the  specification 
appended  hereto  and  marked  B. 

And  whereas  they  have  caused  the  said  new  de- 
denominations  of  standards  to  be  made  and  duly 
verified. 

NOW,  THEREFORE,  Her  Majesty,  by  virtue  of 
the  power  vested  in  Her  by  the  said  Act,  by  and  with 
the  advice  of  Her  Privy  Council,  is  pleased  to  approve 
the  several  denominations  of  Standards  set  forth  in  the 
schedule  hereto  as  new  denominations  of  Standards  for 
electrical  measurement.  f1  T  P 

SCHEDULE. 
I.— STANDARD  OF  ELECTRICAL  RESISTANCE. 

A  standard  of  electrical  resistance  denominated 
one  Ohm  being  the  resistance  between  the  copper 
terminals  of  the  instrument  marked  "  Board  of  Trade 
Ohm  Standard  Verified  1894"  to  the  passage  of  an 
unvarying  electrical  current  when  the  coil  of  insulated 
wire  forming  part  of  the  aforesaid  instrument  and 
connected  to  the  aforesaid  terminals  is  in  all  parts  at  a 
temperature  of  15-4°C. 

II.— STANDARD    OF    ELECTRICAL    CURRENT. 

A  standard  of  electrical  current  denominated  one 
ampere  being  the  current  which  is  passing  in  and 
through  the  coils  of  wire  forming  part  of  the  instrument 
marked  "  Board  of  Trade  Ampere  Standard  Verified 
1894  "  when  on  reversing  the  current  in  the  fixed  coils 
the  change  in  the  forces  acting  upon  the  suspended  coil 
in  its  sighted  position  is  exactly  balanced  by  the  force 
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exerted  by  gravity  in  Westminster  upon  the  iridio- 
platinum  weight  marked  A  and  forming  part  of  the  said 
instrument. 

III.— STANDARD  OF  ELECTRICAL  PRESSURE. 

A  standard  of  electrical  pressure  denominated  one 
Volt  being  one  hundredth  part  of  the  pressure  which 
when  applied  between  the  terminals  forming  part  of  the 
instrument  marked  "Board  of  Trade  Volt  Standard 
Verified  1894,"  causes  that  rotation  of  the  suspended 
portion  of  the  instrument  which  is  exactly  measured  by 
the  coincidence  of  the  sighting  wire  with  the  image  of 
the  fiducial  mark  A  before  and  after  application  of  the 
pressure  and  with  that  of  the  fiducial  mark  B  during  the 
application  of  the  pressure,  these  images  being  produced 
by  the  suspended  mirror  and  observed  by  means  of  the 
eyepiece. 

In  the  use  of  above  standards  the  limits  of  accuracy 
attainable  are  as  follows  : — 

For  the  Ohm,  within  one-hundredth  part  of  one  per 

cent. 
For  the  Ampere,  within  one-tenth  part  of  one  per 

cent. 

For  the  Volt,  within  one-tenth  part  of  one  per  cent. 
The    coils    and    instruments    referred    to    in    this 
schedule     are     deposited     at    the     Board      of     Trade 
Standardising      Laboratory,     8,      Richmond      Terrace, 
Whitehall,  London. 

SPECIFICATIONS  referred  to  in  the  foregoing  Order  in  Council. 

SPECIFICATION  A. 

In  the  following  specification  the  term  silver  voltameter  means 
the  arrangement  of  apparatus  by  means  of  which  an  electric 
current  is  passed  through  a  solution  of  nitrate  of  silver  in  water. 
The  silver  voltameter  measures  the  total  electrical  quantity  which 
has  passed  during  the  time  of  the  experiment,  and,  by  noting  this 
time,  the  time  average  of  the  current,  or  if  the  current  has  been 
kept  constant,  the  current  itself,  can  be  deduced. 
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In  employing  the  silver  voltameter  to  measure  currents  of 
about  1  ampere  the  following  arrangements  should  be  adopted. 
The  kathode  on  which  the  silver  is  to  be  deposited  should  take  the 
form  of  a  platinum  bowl  not  less  than  10  centimetres  in  diameter, 
and  from  4  to  5  centimetres  in  depth. 

The  anode  should  be  a  plate  of  pure  silver  some  30  square 
centimetres  in  area  and  2  or  3  millimetres  in  thickness. 

This  is  supported  horizontally  in  the  liquid  near  the  top  of  the 
solution  by  a  platinum  wire  passed  through  holes  in  the  plate  at 
opposite  corners.  To  prevent  the  disintegrated  silver  which  is 
formed  on  the  anode  from  falling  on  to  the  kathode,  the  anode 
should  be  wrapped  round  with  pure  filter  paper,  secured  at  the 
back  with  sealing-wax. 

The  liquid  should  consist  of  a  neutral  solution  of  pure  silver 
nitrate,  containing  about  15  parts  by  weight  of  the  nitrate  to  85 
parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the 
current  passes.  To  prevent  these  changes  having  too  great  an 
effect  on  the  current,  some  resistance  besides  that  of  the  voltameter 
should  be  inserted  in  the  circuit.  The  total  metallic  resistance  of 
the  circuit  should  not  be  less  than  10  ohms. 

Method  of  making  a  Measurement. 

The  platinum  bowl  is  washed  with  nitric  acid  and  distilled 
water,  dried  by  heat,  and  then  left  to  cool  in  a  desiccator.  When 
thoroughly  dry  it  is  weighed  carefully. 

It  is  nearly  filled  with  the  solution,  and  connected  to  the  rest 
of  the  circuit  by  being  placed  on  a  clean  copper  support  to  which 
a  binding  screw  is  attached.  This  copper  support  must  be 
insulated. 

The  anode  is  then  immersed  in  the  solution  so  as  to  be  well 
covered  by  it  and  supported  in  that  position ;  the  connections  to 
the  rest  of  the  circuit  are  made. 

Contact  is  made  at  the  key,  noting  the  time  of  contact.  The 
current  is  allowed  to  pass  for  not  less  than  half  an  hour,  and  the 
time  at  which  contact  is  broken  is  observed.  Care  must  be  taken 
that  the  clock  used  is  keeping  correct  time  during  this  interval. 

The  solution  is  now  removed  from  the  bowl,  and  the  deposit  is 
washed  with  distilled  water  and  left  to  soak  for  at  least  six  hours. 
It  is  then  rinsed  successively  with  distilled  water  and  absolute 
alcohol  and  dried  in  a  hot-air  bath  at  a  temperature  of  about 
160°C.  After  cooling  in  a  desiccator  it  is  weighed  again.  The 
gain  in  weight  gives  the  silver  deposited. 

To  find  the  current  in  amperes,  this  weight,  expressed  in 
grammes,  must  be  divided  by  the  number  of  seconds  during  which 
the  current  has  been  passed,  and  by  0 -001 118. 


BRITISH    ORDER   IN    COUNCIL    OF    1894.  597 

The  result  will  be  the  time-average  of  the  current,  if  during 
the  interval  the  current  has  varied. 

In  determining  by  this  method  the  constant  of  an  instrument 
the  current  should  bo  kept  as  nearly  constant  as  possible,  and  the 
readings  of  the  instrument  observed  at  frequent  intervals  of  time. 
These  observations  give  a  curve  from  which  the  reading  corre- 
sponding to  the  mean  current  (time-average  of  the  current)  can  be 
found.  The  current,  as  calculated  by  the  voltameter,  corresponds 
to  this  reading. 


SPECIFICATION  B. 

ON  THE  PREPARATION  OF  THE  CLARK  CELL. 
Definition  of  the  Cell. 

The  cell  consists  of  zinc,  or  an  amalgam  of  zinc  with  mercury, 
and  of  mercury  in  a  neutral  saturated  solution  of  zinc  sulphate  and 
mercurous  sulphate  in  water,  prepared  with  mercurous  sulphate 
in  excess. 

Preparation  of  the  Materials. 

1.  The  Mercury. — To  secure  purity  it  should  be  first  treated 
with  acid  in  the  usual  manner,  and  subsequently  distilled  in  vacuo. 

2.  The  Zinc. — Take  a  portion  of  a  rod  of  pure  redistilled  zinc, 
solder  to  one  end  a  piece  of  copper  wire,  clean  the  whole  with 
glass-paper  or  a   steel  burnisher,  carefully   removing  any  loose 
pieces  of  the  zinc.     Just  before  making  up  the  cell  dip  the  zinc 
into  dilute  sulphuric  acid,  wash  with  distilled  water,  and  dry  with 
a  clean  cloth  or  filter  paper. 

3.  The  Mercurous   tSulphate. — Take  mercurous  sulphate,   pur- 
chased as  pure,  mix  with  it  a  small  quantity  of  pure  mercury,  and 
wash  the  whole  thoroughly  with  cold  distilled  water  by  agitation 
in  a  bottle;  drain  off  the  water,  and  repeat  the  process  at  least 
twice.    After  the  last  washing,  drain  off  as  much  of  the  water 
as  possible. 

4.  The  Zinc  Sulphate   Solution.-^Prep&re  a   neutral  saturated 
solution  of  pure  ("  pure  re-crystallised  ")  zinc  sulphate  by  mixing 
in  a  flask  distilled  water  with  nearly  twice  its  weight  of  crystals 
of  pure  zinc  sulphate,  and  adding  zinc  oxide  in  the  proportion  of 
about  2  per  cent,  by  weight  of  the  zinc  sulphate  crystals  to 
neutralise  any  free  acid.     The  crystals  should  be  dissolved  with 
the  aid  of  gentle  heat,  but  the  temperature  to  which  the  solution 
is  raised  should  not  exceed  30°C.     Mercurous  sulphate  treated  as 
described  in  3  should  be  added  in  the  proportion  of  about  12  per 
cent,  by  weight  of  the  zinc  sulphate  crystals  to  neutralise  any  free 
zinc  oxide  remaining,  and  the  solution  filtered,  while  still  warm, 
into  a  stock  bottle.     Crystals  should  form  as  it  cools. 
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5.  The  Mercurous  Sulphate  and  Zinc  Sulphate  Paste. — Mix  the 
washed  mercurous  sulphate  with  the  zinc  sulphate  solution,  adding 
sufficient  crystals  of  zinc  sulphate  from  the  stock  bottle  to  ensure 
saturation,  and  a  small  quantity  of  pure  mercury.  Shake  these 
up  well  together  to  form  a  paste  of  the.  consistence  of  cream.  Heat 
the  paste,  but  not  above  a  temperature  of  30°C.  Keep  the  paste 
for  an  hour  at  this  temperature,  agitating  it  from  time  to  time, 
then  allow  it  to  cool ;  continue  to  shake  it  occasionally  while  it  is 
cooling.  Crystals  of  zinc  sulphate  should  then  be  distinctly 
visible,  and  should  be  distributed  throughout  the  mass ;  if  this  is 
not  the  case  add  more  crystals  from  the  stock  bottle,  and  repeat 
the  whole  process. 

This  method  ensures  the  formation  of  a  saturated  solution  of 
zinc  and  mercurous  sulphates  in  water. 


To  set  up  the  Cell. 

The  cell  may  conveniently  be  set  up  in  a  small  test-tube  of 
about  2  centimetres'  diameter,  and  4  or  5  centimetres  deep.  Place 
the  mercury  in  the  bottom  of  this  tube,  filling  it  to  a  depth  of,  sajr, 
•o  centimetre.  Cut  a  cork  about  -5  centimetre  thick  to  fit  the 
tube ;  at  one  side  of  the  cork  bore  a  hole  through  which  the  zinc 
rod  can  pass  tightly ;  at  the  other  side  bore  another  hole  for  the 
glass  tube  which  covers  the  platinum  wire  ;  at  the  edge  of  the  cork 
cut  a  nick  through  which  the  air  can  pass  when  the  cork  is  pushed 
into  the  tube.  Wash  the  cork  thoroughly  with  warm  water,  and 
leave  it  to  soak  in  water  for  some  hours  before  use.  Pass  the  zinc 
rod  about  1  centimetre  through  the  cork. 

Contact  is  made  with  the  mercury  by  means  of  a  platinum 
wire  about  No.  22  gauge.  This  is  protected  from  contact  with  the 
other  materials  of  the  cell  by  being  sealed  into  a  glass  tube.  The 
ends  of  the  wire  project  from  the  ends  of  the  tube ;  one  end  forms 
the  terminal,  the  other  end  and  a  portion  of  the  glass  tube  dip 
into  the  mercury. 

Clean  the  glass  tube  and  platinum  wire  carefully,  then  heat 
the  exposed  end  of  the  platinum  red  hot,  and  insert  it  in  the 
mercury  in  the  test-tube,  taking  care  that  the  whole  of  the  exposed 
platinum  is  covered. 

Shake  up  the  paste  and  introduce  it  without  contact  with  the 
upper  part  of  the  walls  of  the  test-tube,  filling  the  tube  above  the 
mercury  to  a  depth  of  rather  more  than  1  centimetre. 

Then  insert  the  cork  and  zinc  rod,  passing  the  glass  tube 
through  the  hole  piepared  for  it.  Push  the  cork  gently  down 
until  its  lower  surface  is  nearly  in  contact  with  the  liquid.  The 
air  will  thus  be  nearly  all  expelled,  and  the  cell  should  be  left  in 
this  condition  for  at  least  twenty-four  hours  before  sealing,  which 
should  be  done  as  follows : — 
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Melt  some  marine  glue  until  it  is  fluid  enough  to  pour  by  its 
own  weight,  and  pour  it  into  the  test-tuhe  above  the  cork,  using 
sufficient  to  cover  completely  the  zinc  and  soldering.  The  glass 
tube  containing  the  platinum  wire  should  project  some  way  above 
the  top  of  the  marine  glue. 

The  cell  may  be  sealed  in  a  more  permanent  manner  by  coating 
the  marine  glue,  when  it  is  set,  with  a  solution  of  sodium  silicate, 
and  leaving  it  to  harden. 

The  cell  thus  set  up  may  be  mounted  in  any  desirable  manner. 
It  is  convenient  to  arrange  the  mounting  so  that  the  cell  may  be 
immersed  in  a  water  bath  up  to  the  level  of,  say,  the  upper  surface 
of  the  cork.  Its  temperature  can  then  be  determined  more 
accurately  than  is  possible  when  the  cell  is  in  air. 

In  using  the  cell  sudden  variations  of  temperature  should  as 
far  as  possible  be  avoided. 

The  form  of  the  vessel  containing  the  cell  may  be  varied.  In 
the  H  form,  the  zinc  is  replaced  by  an  amalgam  of  10  parts  by 
weight  of  zinc  to  90  of  mercury.  The  other  materials  should  be 
prepared  as  already  described.  Contact  is  made  with  the  amalgam 
in  one  leg  of  the  cell,  and  with  the  mercury  in  the  other,  by  means 
of  platinum  wires  sealed  through  the  glass. 


The  drafting  of  the  American  "Specification  of  the 
Practical  Application  of  the  Definitions  of  the  Ampere 
and  Volt"  was  deputed  by  Congress  to  the  National 
Academy  of  Sciences,  and  in  February,  1895,  the 
President  of  the  Academy  submitted  to  the  Home 
Secretary  of  the  United  States  the  report  drawn  up  by 
the  committee  appointed  by  the  Academy. 

The  specification  so  prepared  for  the  use  of  the 
silver  voltameter  was  nearly  identical  with  that 
recommended  by  the  Committee  of  the  Board  of  Trade 
(see  pages  23  to  26  and  595  to  596),  but  that  for  the 
Clark's  cell  dealt  exclusively  with  the  H  form.  Other- 
wise, the  American  and  English  specifications  were 
generally  in  accord. 

In  the  note  on  page  586  it  was  explained  that,  after 
correcting  for  the  ellipticity  of  the  coil  used  by  Professor 
Viriamu  Jones  in  his  determination  of  the  specific 
resistance  of  mercury  in  absolute  measure,  it  followed 
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that  the  length  of  the  mercury  column  1  square  milli- 
metre in  cross-section,  which  had  a  resistance  of  1  ohm 
at  0°C.,  was  106 '300  centimetres.  On  using,  however, 
Lorenz's  apparatus  to  test  the  resistance  of  a  copy  of  the 
Board  of  Trade  standard  ohm,  and  assuming  that  this 
really  represents  the  resistance  at  0°C.  of  a  column  of 
mercury  1  square  millimetre  in  cross-section  and  106 -3 
centimetres  in  length,  Professor  Jones  finds  that  the  true 
ohm  must  have  a  value  equivalent  to  that  of  106*326 
centimetres  of  mercury,  or  106*319  centimetres  after 
allowing  for  the  ellipticity  of  the  coil. 

We  are,  therefore,  not  yet  sure  of  i\\Q  fifth  figure  in 
the  preceding  number,  but  it  is  to  be  expected  that  this 
will  shortly  be  obtained  with  accuracy  by  the  employ- 
ment of  the  very  carefully-made  Lorenz's  apparatus  that 
has  been  constructed  for  Professor  Callendar  of  the 
McGill  University,  Montreal,  and  which  is  now — 
September,  1896 — being  tested  at  the  City  and  Guilds 
of  London  Central  Technical  College  by  Prof.  Yiriamu 
Jones  and  the  author. 

Note  to  page  584. — In  accordance  with  the  resolution  passed  at  the 
meeting  of  the  Electrical  Standards  Committee  of  the  British  Associ- 
ation in  1884,  the  "legal  ohm"  coils  constructed  in  England  were 
intended  to  represent  the  resistance  of  a  column  of  mercury  100 
centimetres  in  length.  But,  as  a  matter  of  fact,  they  were  made 
equal  to  1'0112  B,  A.  unit,  for  in  1884  it  was  believed  that  the  specific 
resistance  of  mercury  at  0°C.  was  0*9540  X  10~ 4  B.A.  unit;  and,  there- 
fore, that  1-0112  B.A.  unit  was  equal  to  the  resistance  at  0°C.  of  106 
centimetres  of  mercury  1  square  millimetre  in  cross-section.  Subse- 
quent measurements,  however,  showed  that  the  specific  resistance  of 
mercury  was  more  nearly  0*9535  X  10~4  B.A.  unit;  hence  a  "legal 
ohm"  constructed  in  England  really  represented  the  resistance  of 
106*05  centimetres  of  mercury,  and  was,  therefore,  about  5  parts  in 
10,000  too  large. 
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and  Current,  366 

for    Proving     E.M.F.     of    Cell 

Independent  of  Positions  and 
Sizes  of  Plates,  363 

for  Experiments  on  Polarisation 

of  Cell,  422 

for  Altering  the  Arrangements  of 

a  Group  of  Cells,  539-542 

for    Proving    No    Electrostatic 

Force  Inside  Closed  Con- 
ductor, 196,  216 

for  Proving  that  No  Electricity 

at  Rest  Inside  a  Conductor, 
210,  216 

for     Showing    that    Conductor 

Carrying  Current  is  Moved 
by  Magnet,  3,  4 

for  Showing  that  Current  De- 
composes Liquid,  4,  7 

for  Showing  that  Current  Deflects 

Magnet,  3 

for  Showing  that  Current  Heats 

Conductor,  5,  8 

for  Showing  that  Current  Mag- 
netises Iron,  3,  5 

—  for  Showing  Mutual  Action  of 
Two  Wires  Carrying  Currents, 
3,  6 

for    Measuring     Current.     (See 

Measuring  Current.) 

for     Determining    Property    of 

Current  Best  to  Measure  its 
Strength  by,  11, 15, 16, 17, 18, 
21 

for    Producing    Current.      (See 

Battery,  Cell,  and  Current- 
Generator.) 

for  Testing  Electric  Density,  224 

for  Comparing  E.M.Fs.,  508 

for  Converting  Electric  Energy 

into  Non-Heat  Energy,  371 

for  Introducing  Electric  Energy 

into  Circuit,  358 


Apparatus  for  Measuring  Heat  Equi- 
valent of  Electric  Energy, 
320,  321 

for  Measuring  Energy,  313-324, 

334-348 

Illustrating  Electric  Transmis- 
sion of  Energy,  355,  357 

for  Calibrating  Galvanometer  by 

Using  Known  Resistances, 
521 

for  Calibrating  Galvanometer  by 

Sine  Method,  120 

for  Calibrating  Any  Galvano- 
meter by  Comparison  with 
Tangent  Galvanometer,  109 

for  Calibrating  Galvanometer  by 

Comparison  with  Voltameter. 
46 

for  Mapping  Out  Lines  of  Force 

Due  to  Coils,  71,  76,  100,  565 

for  Mapping  Out  Lines  of  Force 

Due  to  Magnets,  72-75,  565 

for  Showing  Action  of  Magnet 

on  Magnetic  Needle,  67,  68 

for   Measuring  Distribution  of 

Magnetism  in  Bar  Magnet, 
64,65 

for  Testing  Strength  of  Magnetic 

Field,  79,  96,  107 

for  Neutralising  Uniform  Mag- 
netic Field,  78 

for  Testing  Ohm's  Law,  170 

for  Measuring  P.D.  (See  Meas- 
uring P.D.) 

for  Proving   that    Potential  of 

Conductor  Varies  with  Posi- 
tion, Charge,  Size  and  Shape, 
202-208,  216 

for     Testing     Distribution     of 

Potential  along  Wire  Convey- 
ing Current,  255 

—  for  Showing  Difference  Between 
Potential,  Quantity,  and 
Density,  226-231 

for  Illustrating  Analogies  be- 
tween Gas  Pressure  and  Elec- 
tric Potential,  158,  159,  203- 
207 

for    Testing      Distribution     of 

"Water  Pressure,  154, 157 

for    Comparing    Quantities     of 

Electricity,  215-217 

for  Measuring  Power,  329-333 

Used  as  Adjustable  Resistance 

for  Large  Currents,  270 

for     Measuring       Temperature 

Variation  of  Resistance,  202, 
263 

for  Measuring  Variation  of  Re- 
sistance with  Length,  Cross- 
Section,  and  Material,  254-257 
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Apparatus  Employed  by  B.A.  Com- 
mittee for  Determining  Unit 
of  Resistance.  572 

for  Testing  Resistance  of  Branch 

Circuits  in  Parallel,  294 

for   Comparing   and  Measuring 

Resistances.  (Scr,  Comparing 
Resistances,  and  Measuring 
Resistance.) 

for  Testing  Sine  Law,  113-117 

Testing    Sign    of    Charge    and 

Potential,  219-222 

for  Testing  Tangent  Law,  92,  93 

for  Calibrating  Deflectional  Volt- 
meter, 183-187 

for  Graduating  a  Voltmeter  with 

Clark's  Cell,  516 

for  Testing  Voltmeter,  511 

Arc,  Difficulty  of  Determining  Back 
E.M.P.  of,  372 

Meaning  of  Apparent  Resistance 

of,  233 

Measuring  Apparent  Resistance 

of,  233 

Armature  of  Motor,  Definition  of,  342 

of  Thomson  Joulemeter,  343 

of  Thomson  Joulemeter,  Cause 

of  Rotation  of,  345 

of  Thomson  Joulemeter,  Direc- 
tions of  Currents  in,  344 

• of   Thomson   Joulemeter,   How 

Motion  of,  is  Impeded,  346 

of  Thomson  Joulemeter,  Mag- 
netic Field  Produced  by,  345 

of  Thomson  Joulemeter,  Rota- 
tion cf,  Proportional  to 
Energy  Supplied,  347 

Arms  of  Wheatstone's  Bridge,  Ad- 
justment of,  to  Obtain 
Greatest  Sensibility,  285 

of    Wheatstone's    Bridge,    Law 

Connecting  Resistances  of, 
243 

of  Wheatstone's  Bridge,  Prac- 
tical Limitation  to  Inequality 
of,  284 

of  Wheatstone's  Bridge,  Resist- 
ance of  One  in  Terms  of  Re- 
sistances of  the  Others,  245 

Aron  Supply  Meter,  339-341 

Supply  Meter,  Differential  Gear- 
ing for,  340 

Arrangement  of  Group  of  Cells, 
Method  of  Altering,  539 

Arrangements  of  Cells,  530 

Atomic  Weights  of  Copper,  Silver, 
and  Zinc,  27 

Axis,  Magnetic,  Definition  of,  67 

Aylmer-Leclanche  Cell,  455 

Ayrton  and  Mather's  Moving  Coil 
Ammeter,  148 


Ayrton  and  Mather's  Non-inductive 

Resistance    Coil    for    Large 

Currents,  282 
and  Mather's  Universal  Shunt, 

303 
and    Mather's  Universal  Shunt 

Box,  304-310 
• and  Mather's  Zero  Electrostatic 

Voltmeter,  164,  179 
Ayrton  and  Perry's  Gold-leaf  Electro- 
scope, 192 
and  Perry's  Joulemeter,  Original 

Gaining  Clock  Form,  334 

and  Perry's  Magnifying  Spring,  64 

and  Perry's  Magnifying  Spring 

Ammeter,  135-138 

and  Perry's  Ohmmeter,  233 

and  Perry's  Permanent  Magnet 

Ammeter,  Various  Forms  of, 

130,  132,  133 
Ayrton's  Moving  Coil  Ammeter  with 

Magnetic  Control,  150 


Back  E.M.F.    (See  E.M.F.,  Back.) 
Balance,   Wheatstone's.  (See  Bridge, 

Wheatstone's.) 
with      Wheatstone's       Bridge, 

Definition  of,  245 
Bar  Magnet,  Apparatus  for  Measuring 

Distribution    of  Magnetism 

in,  63 
Magnet,  Lines  of  Force  with,  72, 


Batteries,  Mercury  Switch-board  for, 
539-542 

with  Different  Arrangements  of 

Cells,  E.M.Fs.  of,  537,  538 

with  Different  Arrangements  of 

Cells,  Resistances  of,  538 

Battery  and  External  Resistance  with 
Opposing  E.M.F.,  Distribu- 
tion of  Potential  in,  37S 

Arranging,  to  Produce  Maximum 

Can-cut,  545 

Chemical  Action  in,  and 

Number  of  Cells,  359 

Cost  of  Producing  Board  of 

Trade  Unit  with,  482 

Current  Sent  by,  364,  538 

• Description  of,  358,  359 

Distribution  of  Potential  in, 

when  Sending  Current,  377 

Electromotive  Force  of,  359- 

367 

E.M.F.  of,  Conditions  Govern- 
ing, 361 

E.M.F.  of,  Definition  of,  361 

E.M.F.  of,  Measurement  of,  365 
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Battery,    E.M.F.  of,   P.D.    between 

Terminals,    Resistance,  and 

Current,  364,  380 
Back   E.M.F.    of,    Method    of 

Measuring,  371 

Muirhead's  Telegraph,  435 

P.D.    between    Terminals      of, 

when  Maximum  Power  Gi  von 

to  External  Circuit,  389,  548 
Potential    in,    Diagrams    Show- 
ing Distribution  of,  374-381, 

384 

Power  Developed  by,  and  Num- 
ber of  Cells,  360 
Prices  of  Materials    Consumed 

in,  485 
Produces  Constant  P.D.  round 

Entire  Circuit,  361 
- — -  Ratio  of  Power  Developed  by, 

to  Current,  370 
Resistance  of,  Measuring  when 

Not  Very  Small,  493 
Resistance  of,  Measuring  when 

Very  Small,  492 
Resistance   of,  Measuring  with 

Ammeter  and  Voltmeter,  366, 

492 
Single,      Used      for      Working 

Several  Telegraph  Wires,  527, 

528 
Symbolical   Representation   of, 

237 
When    Necessary    to   Join    all 

Cells  of,  in  Series,  552 
B.A.  Unit,  Aim  in  Choosing,  576 

Unit,  Definition  of,  573 

Unit,  First  Indication  of  Value 

being  Too  Small,  576 
Unit,  Rayleigh's  Value    of,    in 

C.G.S.  Units,  580 
Unit,  Value  of,  in  International 

and  Legal  Ohms,  174,  587 
Units  of  Resistance   and    Cur- 
rent, Aim  in  Choice  of,  576 

Volt,  Definition  of,  576 

Volt,  Value  of,  in  International 

and  Legal  Volts,  175 
Bcnoit,  Law  Connecting  Variation  of 

Resistance   of   Metals  with 

Temperature,  264 
Mascart,  and  De  Nerville,  Ohm 

Determined  by,  582 
Berthelot,  Measurements  of  Heats  of 

Combustion  by,  478,  481 
Bismuth,  Relative  Electric  and  Heat 

Conductivities  of,  275 
Resistance   of,  per   Centimetre 

Cube   and   per   Inch   Cube, 

260 
Resistance  of,  per  Foot  Grain 

and  per  Metre  Gramme,  261 


Board  of  Trade  Electrical  Standards, 
History  of,  568-600 

of  Trade  Ohm,  Definition  of,  587 

593 

of  Trade  Reports  on  Electrical 

Standards,  24,  587,  589,  592 

of  Trade  Standard  Ampere,  594, 

595 

of  Trade  Standard  Ohm,  594,  595 

- —  of  Trade  Standard  Volt,  595 
—  of  Trade  Standards  for  Measur- 
ing Current  and  Pressure,  588 

of  Trade  Standards,  Limits  of 

Accuracy  of,  595 

of  Trade  Standards,  Where  Kept, 

595 

of  Trade  Unit  of  Energy,  Cost  of 

Production  of,  482,  488,  491 

of  Trade  Unit  of  Energy,  Defini- 
tion of,  349 

of  Trade  Unit  of  Energv,  Price 

of,  349 

of  Trade  Unit  of  Energy,  Value 

of,  in  Watt  Hours,  Joules, 
Ergs,  Foot  Pounds  Horse- 
Power  Hours,  349 

of  Trade  Volt,  Definition  of,  588, 

589,  593 

Bobbin,  Effect  of  Alteration  of,  on 
Sensibility  of  Tangent  Gal- 
vanometer, 95 

Bridge,  British  Association,  246 

Circular  Metre,  246,  247 

Commercial  Wheatstone's,  284 

Commercial  Wheatstone's,  Range 

of  Resistances  Measured  by, 
285 

Commercial  Wheatstone's,  Re- 
sistances Used  in,  284 

Foster's  Method  of  Subdividing 

Wire  of,  513 

Galvanometer,  Meaning  of  De- 
flection on,  253 

Key,  Special  Form  of,  251 

Key,  Use  of,  Avith  Wheatstoue's 

Bridge,  250 

Metre,  246 

Pieces  of  Mercury  Switch-board, 

Positions  of,  Giving  Different 
Arrangements  of  Cells,  541 

Portable  Wheatstone's,  285,  287 

Post  Office  Wheatstone's,  285 

Three-Wire,  247 

Three-Wire,  Possible  Errors   in 

Determination  with,  249 

Use  of  Shunt  with,  252 

Wheatstone's,  241-250,  252,  277, 

283-287,  515 

Wheatstone's,     Adjustment     of 

Arms  of,  to  Obtain  Greatest 
Sensibility,  285 
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Bridge,  Wheatstone's,  Balance  with, 
Definition  of,  245 

Wheatstone's,  Desirability  of 

Using  Key  with,  250 

Wheatstone's,  Devices  for  Ex- 
pediting Use  of,  253 

Wheatstone's,  Galvanometer 

and  Battery  Interchangeable 
in,  245 

Wheatstone's,  Proofs  of  Law  of, 

243 

Wheatstone's,  Measuring  Very 

Large  and  Very  Small  Re- 
sistances by,  284 

Wheatstone's,  Methods  of 

Using,  245 

Wheatstone's,  Portable  Forms 

of,  285 

Wheatstone's,  Practical  Limi- 
tation to  Inequality  of  Arms 
of,  277,  284 

Wheatstone's,  Practical  Limit 

to  Range  of  Resistances, 
Measured  by,  277 

Wlieatstone's,  Principle  of,  242 

Wheatstone's,  Resistance  of  One 

Arm  Expressed  in  Terms  of 
the  Other  Resistances,  245 

Wheatstone's,  Obtaining  Great- 
est Sensibility  of,  285 

Wheatstone's,  Subdivision  of 

Wire  of,  into  Lengths  having 
Equal  Resistances,  515 

Wheatstone's,  Value  of  Coils 

for,  283 

Wire,  Material  for,  247 

• Wire,  Advantage  of  Using  Long, 

249 

Bright,  Sir  Charles,  Proposes  Names 
Ohniad  and  Volt,  573,  576 

British  Association  Committee  for 
Determining  Unit  of  Re- 
sistance, Method  Used  by,  572 

Association  Committee,  Ohm 

Determined  by,  581 

Brush  Discharge  Proves  Existence  of 
P.D.,  161 

Brushes  of  Elihu  Thomson  Joule- 
meter,  343 

Bunsen's  Cell.    (See  Cell,  Bunsen's.) 

Burnley  Dry  Cell,  459.  (See  also  Cell, 
B.C. 0.  Dry.) 


Calibrating   Ammeter  with     Silver 

Voltameter,  25,  596 
Galvanometer    by    Comparison 

with  Tangent  Galvanometer. 

108 


Calibrating  Galvanometer  by  Com- 
parison with  Voltameter,  46 

Galvanometer  by  Sine  Method, 

119-124 

Galvanometer  with  Pivoted 

Needle  by  Sine  Method,  120 

Galvanometer  with  Suspended 

Needle  by  Sine  Method,  121, 
123 

Galvanometer  by  Using  Known 

Resistances  and  Cell  of  Con- 
stant E.M.F.,  521 

Galvanometer  by  Using  Known 

Resistances  and  Constant 
P.D.,  287 

Galvanometer  by  Using  Known 

Resistances,  Other  Methods 
of,  521 

Galvanometer,  Relatively  or  Ab- 
solutely, 25,  46 

Voltmeters,  Methods  of,  183-187 

Wattmeter,  332 

Zero  Electrostatic  Voltmeter, 

180 

Calibration,  Absolute,  of  Galvano- 
meter, Definition  of,  45 

Curve  of  Galvanometer,  52 

Curve  of  Galvanometer,  Con- 
struction of  Scale  from,  58 

Curve  of  Gold-leaf  Electroscope, 

How  to  Straighten,  195 

Curve  of  Tangent  Galvanometer, 

Joint  Relative  of  Two  Galvano- 
meters, 238 

Relative,      of      Galvanometer, 

Definition  of,  45 

Straight  Line  Law,  How  Ob- 
tainable in  Ammeters  and 
Galvanometers,  125,  132,  137, 
147 

Oallaud  Cell,  432 

Callendar,  Experiments  on  Tempera- 
ture Coefficient  of  Platinum, 
265 

Calorie,  Definition  of,  318 

Power    Required    to    Generate 

One,  per  Second,  479 

Calories,  Current,  Resistance,  and 
Time,  Relation  between,  318, 
324 

Calorimeter,  12,  18,  320 

Capacity,  Electric,  Unit  of,  579 

Carbon,  Utilising  Negative  Tempera- 
ture Coefficient  of,  268 

Percentage  Temperature  Varia- 
tion of,  271 

—  Plate,  Cylinder,  and  Rod  of  Cells, 
443,  445, 450,  452, 458,  460,  461 

Resistance   of,   per   Centimetre 

Cube,  267,  271 


CAE 


INDEX. 


GEL 


607 


Carbons  for  Bunsen's  Cell,  Manufac- 
ture of,  444 

Carpentier's  Proportional  Galvano- 
meter, Principle  of,  125 

Case,  Conducting.  (See  Conducting 
Case.) 

Cathode,  Definition  of,  24,  33 

for  Silver  Voltameter,  Descrip- 
tion of,  23,  26 

Weights  of  Metals  Deposited  on, 

27 

Caustic  Potash  Consumed  in  Edison- 
Lalande  Cell  per  Board  of 
Trade  Unit  Produced,  Weight 
and  Cost  of,  465,  487 

Potash   Consumed    in    Edison- 

Lalande  Cell  per  Hour  per 
1,000  Amperes,  484 

Cell,  Amalgamating  Zinc  Plate  of,  430 

Aylmer  Leclanche,  455 

Bunsen's,  443 

Bunsen's,        Compared       with 

Grove's  Cell,  443 

Bunsen's,  E.M.F.  of,  444 

Burnley    Dry,    459.       (See   also 

Cell,  E.C.C.  Dry.) 
Callaud,  432 

Chemical     Action    in,     E.M.F. 

Calculated  from,  477-482 

Chemical   Actions    in  Different 

Types  of,  418,  424,  427,  438, 
439,  445,  450,  463,  478 

Chromic  Acid,  445-448 

Chromic  Acid,  Weights  and  Cost 

of  Materials  Consumed  in, 
per  Board  of  Trade  Unit  Pro- 
duced, 487 

Chromic     Acid,      Weights     of 

Materials  Consumed  in,  inn- 
Hour  per  1,000  Amperes,  is  I 

Clark's,    466-477,    516-521,   588, 

589,  590,  594,  597-599 

Clark's,  Board  of  Trade  Form  of, 

470 

Clark's,  Board  of  Trade  Specifi- 
cation for,  467,  497 

Clark's,  Board  of  Trade  Specifi- 
cation, Notes  to,  470,  492 
—  Clark's,  Cooper's  Modification  of 
Kahle's  H  Form  of,  474 

Clark's,  Definition  of,  467,  597 

Clark's,    Effect    on    E.M.F.    of 

Sending  too  Large  a  Current, 
477 

Clark's,  E.M.F.  of,  467,  470,  474, 

588,  589,  594 

Clark's,  E.M.F.  of,  Temperature 

Variation  of,  475 

Clark's,  E.M.F.  of,  Temperature 

Variation  of,  Affected  by 
Method  of  Construction,  475 


Cell,  Clark's,   How  to  Set  up,  468, 

598 
Clark's,   Glazebrook's  Notes  to 

Specification  of,  470,  592 
Clark's,  Kahle's  Modification  of 

Rayleigh's  H  Form  of,  472 
Clark's,  P.D.  between  Terminals 

of,  589,  594 
Clark's,   Potentiometer  Method 

of      Graduating     Voltmeter 

with,  516-519 
Clark's    Potentiometer    Method 

of  Testing  Accuracy  of  Volt- 
meter Scale  with,  510 
Clark's,  Preparation  of  Materials 

for,  467,  597 
Clark's,  Rayleigh's  H  Form   of, 

466 
Clark's,  Relative  advantages  of 

Two  Types  of,  474 
Clark's,    Resistance    Advisable 

for  Use  with,  477,  511 
Clark's,  with  Fixed  Resistance 

as     Standard     of     Current, 

519 
Copper  -  Zinc-Dilute  -  Sulphuric  - 

Acid.    (See    Simple    Voltaic 

Element.) 
Daniell's,  423-436,  451,  478,  484, 

486 
Daniell's,   Chemical  Action   in, 

424,  427,  478 
Daniell's,       Chemical      Energy 

Converted       into       Electric 

Energy  in,  per  Second   per 

Ampere,  478 
Daniell's,        Compared       with 

Leclanche  Cell,  451 
Daniell's,  Copper  Deposited  per 

Hour  per  Ampere,  424 
Daniell's,  Copper  Sulphate  Con- 
sumed per  Hour  per  Ampere, 

425 

Dauiell's  Depolariser  of,  423 

Daniell's,  E.M.F.  of,  Calculated 

from  Chemical  Action,  478 
Daniell's,  E.M.F.  of,  Method  of 

Maintaining  Constant,  427 
Daniell's,  E.M.F.  of,  Values  of, 

426,  478,  539 
Daniell's,  E.M.F.,  Variation  of, 

with    Density  of  Solutions 

and  Temperature,  426 
Daniell's,   Forms  of,  431.      (See 

also  Cell,   Callaud,  Gravity, 

Meidinger,  Minotto.) 
Daniell's,  Local  Actions  in,  429, 

430 

Daniell's,    Precautions   in  Con- 
struction of,  420,  428,   430, 

431 


608 


CEL 


PRACTICAL  ELECTRICITY. 


CEL 


Cell,  Daniell's,  Precautions  when  Us- 
ing, 425,  427,  435 

Daniell's,  Prevention  of  Copper 

Sulphate  Diffusing  through 
Porous  Partition  of,  430 

Daniell's,  Prevention  of  Forma- 
tion of  Cupric  Oxide  in,  430 

Daniell's,  Resistance  Varies  with 

Constancy  and  Portability, 
431 

Daniell's,  Resistance  of,  Varies 

with  Temperature,  436 

Daniell's,  Resistances  of  Various 

Forms  of,  435 

Daniell's,  Weight  and  Cost  of 

Materials  Consumed  in,  per 
Board  of  Trade  Unit  Pro- 
duced, 486 

Darnell's,  Weights  of  Materials 

Consumed  per  Hour  per 
1,000  Amperes,  484 

Daniell's,  Zinc  Consumed  per 

Hour  per  Ampere,  424 

Daniell's,  Zinc  Sulphate  Formed 

per  Hour  per  Ampere,  425 

De  la  Rue  Silver  Chloride,  Un- 

suitability  of,  for  Practical 
Use,  477 

Depolariser  First  Used  in,  423 

• — -  E.C.C.  Dry,  459 

E.C.C.  Dry,  Compared  with 

Hellesen  Cell,  430 

E.C.C.  Dry,  E.M.F.  of,  460 

Edison- Lalande,  462-465 

Edison-Lalande,  Chemical  Ac- 
tion in,  463 

Edison-Lalande,  Depolariser  of, 

462 

Edisou-Lalande,  E.M.F.  of,  464 

Edison-Lalande,  Resistance  of, 

464 

Edison-Lalande,  Weights  and 

Cost  of  Materials  Consumed 
in,  per  Board  of  Trade  Unit 
Produced,  465,  487 

Edison-Lalande,  Weights  of 

Materials  Consumed  per 
Hour  per  1,000  Amperes,  484 

with  E.M.F.  Constant  Used  with 

Known  Resistance  for  Cali- 
brating Galvanometer,  521 

E.M.F.  of,  Calculated  from 

Chemical  Action  in,  477-482 

E.M.F.  of,  Compared  with 

E.M.F.  of  Standard  Cell, 
502-510 

E.M.F.  of,  Determined,  with 

Voltmeter,  362,  365 

with  E.M.F.  Helping  Current 

May  Abstract  Energy  from 
Circuit.  382 


Cell,  E.M.F.  of,  P.O.  between  Ter- 
minals, Resistance,  and  Cur- 
rent, 364,  3SO 

E.M.F.  of,  When  Equal  to  Ter- 
minal P.O.,  522 

E.M.F.  of  Different  Types  of, 

426,  440,  444,  446,  451,  458, 
459,  460,  462,  464,  467 

E.M.Fs.  of,  Independent  of 

Shape  and  Size  of  Plates, 
362-364 

with  Back  E.M.F.  Abstracts 

Energy  from  Circuit,  371,  383 

Gassner  Dry,  458 

Gassner  Dry,  Commercial  Im- 
practicability of,  458 

Gassner  Dry,  E.M.F.  of,  458 

Gravity  Daniell's,  431-433,  436 

Gravity  Daniell's,  Precautions 

when  Using,  432,  436 

Grove's,  438-442,  480,  484,  486, 

527,  550-552 

Grove's,  Chemical  Action  in, 

438,  439 

Grove's,  Compared  with  Bun- 
sen's  Cell,  443 

Grove's,  Depolariser  of,  438,  439 

Grove's,  E.M.F.  of,  440 

Grove's,  E.M.F.  Diminishes  with 

Use  of,  441 

Grove's,  E.M.F.  of,  Calculated 

from  Chemical  Action,  480 

Grove's,  Formerly  used  in  Tele- 
graphy, 527 

Grove's,  Nitric  Acid  Used  Up 

per  Hour  per  Ampere,  440 

—  Grove's,  Nitric  Peroxide  Formed 

per  Hour  per  Ampere,  440 
Grove's,   Precautions  when  Us- 
ing, 439,  441 

Grove's,  Resistance  of,  440 

Grove's,    Resistance     Increases 

with  Use  of,  441 

—  Grove's,    Sulphuric   Acid    Con- 

sumed per  Hour  per  Ampere, 

440 
Grove's,    Water     Formed     per 

Hour  per  Ampere,  440 
Grove's,  Weiglrts    and   Cost    of 

Materials  Consumed  in,   per 

Board    of  Trade  Unit    Pro- 
duced, 486 
Grove's,    Weights    of  Materials 

Consumed     per     Hour    per 

1,000  Amperes,  484 
Grove's,  Zinc  Sulphate  Formed 

per  Hour  per  Ampere,  440 
Grove's,    Zinc     consumed    per 

Hour  per  Ampere,  440 

Hellesen  Dry,  -158 

Hellesen  Dry,  E.M.F.  of,  459 
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Cell,  Lalande-Chaperon,  462 

Lalande-Chaperon,  Defects  of, 

463 

Leclanche,  449-456,  484,  487 

Leclanche,  Weights  and  Cost  of 

Materials  Consumed  in,  per 
Board  of  Trade  Unit  Pro- 
duced, 487 

Leclanche,  Weights  of  Materials 

Consumed  per  Hour  per 
1,000  Amperes,  484 

Leclanche,  When  Used,  451 

Leclanche  Agglomerate,  452 

Leclanche  Agglomerate,  Forma- 
tion of  the  Agglomerate,  452 

Leclanche-Aylmer,  455 

Leclanche-Barbier,  452-455 

Leclanche-Barbier,  Advantages 

of,  454 

Leclanche-Barbier,  Composition 

of  Salt  Used  in,  454 

Leclanche,  Chemical  Action  in, 

450 

Leclanchd,  Compared  with 

Darnell's  Cell,  451 

Leclanche,  Depolariser  of,  450 

Leclanche,  Disadvantages  of, 

452 

Leclanche,  E.M.F.  of,  451 

Leclanche,  Modifications  of, 

452-456 

Leclanche,  Precautions  in  Con- 
struction of,  451 

Local  Action,  How  Caused  in, 

429,  430 

Marie-Davy  Mercuric  Sulphate, 

Unsuitability  of,  for  Practi- 
cal Use,  477 

Meidinger,  431 

Minotto's,  433 

Obach  Dry,  460 

Obach  Dry,  E.M.F.  of,  462 

P.D.  between  Terminals  of, 

Constant,  when  Low  Internal 
Resistance,  522 

P.D.  between  Terminals  of, 

Diagram  Showing  None,  384 

Polarisation  of,  Definition  of, 

364 

Positive  Plate  of,  Definition  of, 

376 

Positive  Terminal  of.  Definition 

of,  376 

Potassium  Bichromate,  445-448, 

484,  487 

Potassium  Bichromate,  Chemi- 
cal Action  in,  445 

Potassium  Bichromate,  E.M.F. 

of,  446 

- —  Potassium  Bichromate,  Precau- 
tions when  Using,  445,  447 

U 


Cell,  Potassium  Bichromate,  Weights 
and  Cost  of  Materials  Con- 
sumed in,  per  Board  of  Trade 
Unit  Produced,  487 

Potassium  Bichromate,  Weights 

of  Materials  Consumed  per 
Hour  per  1,000  Amperes,  484 

Potassium    Bichromate,    When 

Used,  447 

Potassium     Bichromate,     with 

Porous  Pot,  446 

Potassium  Bichromate,  without 

Porous  Pot,  445 

Potential  in,  Diagrams  Showing 

Distribution  of,  374-381,  384 

Potential  in,  Uncertainty  as  to 

Method  of  Variation  of,  374 

Potentials     of     Terminals     of, 

Relatively  to  Earth,  375 

Rate  at  which  Chemical  Energy 

is  Converted  into  Electric 
Energy  in,  361,  380,  382,  383 

Rate  at  which  Electric  Energy 

is  Given  to,  or  Taken  from, 
Outside  Circuit  by,  316,  380, 
382,  383 

Rate  at  which  Electric  Energy 

is  Converted  into  Heat  in, 
370,  380-384 

Resistance  of,  Choice  of  Method 

for  Measuring,  408 

Resistance  of,  Conditions  Gov- 
erning, 434 

Resistance  of,  Measuring  when 

Not  Very  Small,  493 

Resistance  of,  Measuring  when 

Very  Small,  366,  492 

Safety  Limitation  of  Maximum 

Current  for,  559 

Secondary.    (See  Accumulator.) 

Short-Circuiting,  How  to  Avoid 

Possibility  of,  when  Using 
Mercury  Switch-board,  540 

Smee's,  423,  482 

Smee's,    Production    of    Back 

E.M.F.  in,  482 

Storage.    (See  Accumulator.) 

Zinc  and  Copper,  Signs  of  Ter- 
minals and  Plates  of,  376 

Cells  Abstracting  Energy  from  Out- 
side Circuit,  Diagram  Show- 
ing, 384,  385 
—  Arrangements  of,  536 

Arrangement  of  Circuit  Re- 
quiring Least  Number  of,  to 
Give  Fixed  Power  to  External 
Portion,  555 

Arranging    Given   Number   of, 

for  Maximum  Current,  545 

Carbon  Plate  of,  443,  445,  450, 

452,  458,  460,  4G1 
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Cells,  Commercial  Value  of  Waste 
Products  of,  438,  490 

—  Conditions  for  Commercial  Use 

of,  for  Electric  Lighting,  491 

Copper  Oxide  Plate  of,  462,  463 

Copper  Plate  of,  419,  422,  431, 

433,  435 

Cost  of  Producing  Board  of 

Trade  Unit  with,  482,  488 

Coupling  with  Mercury  Switch- 
board, Methods  of,  541 

Distribution  of  Potential  in, 

874-380 

Dry,  457-462 

Dry,  Advantages  of,  457,  458 

Dry,  Early  Attempts  at  Con- 

struction  of,  457 

and  Dynamo,  Comparative  Cost 

of  Producing  Electric  Energy 
with,  482-491 

E.M.FS.  of,  Comparing,  502-510 

Joined  in  Parallel,  Series,  and 

Parallel  Series,  536-537 

Joined  in  Parallel,  E.M.F.  of 

Battery  Formed  of,  538 

Joined  in  Series,  Curve  Connect- 
ing Number  of,  and  Current, 
546 

Joined  in  Series,  E.M.F.  of 

Battery  Formed  of,  537 

Leclanche,  Leclanche-Barbier, 

and  Aylmer-Leclanche,  Com- 
parison between,  456 

Local  Action  in,  Method  of 

Preventing,  429 

Minimum  Number   of,  for  De- 

livering Given  Power,  553- 
557 

Minimum  Number  of,  to  Pro- 
duce Given  Current  and 
P.D.,  549 

Negative  Plate  of,  419,  423,  431, 

433,  435,  438,  443,  445,  450, 
452,  453,  455,  460,  461,  462 

Number  of,  in  Series  and  Rate 

of  Chemical  Action,  360 

— -  Platinum  Plate  of,  423,  438,  482 

Polarising    Rapidly,    Measuring 

Resistance  of,  498 
Positive  or  Zinc  Plate  of,   419, 

423,  431,  433,  435,   438,   445, 

450,  454,  455,    458,  459,  460, 

461,  462,  463 
Potential   Lost    in,     Graphical 

Representation  of,  379 

—  Prices   of   Materials  Consumed 

in,  485 

— -  Resistances     of,     Methods     of 
Measuring,  492-500 

—  in  Series,  Diagram  Showing  Dis- 

tribution of  Potential  in,  876 


Cells,  Single  Fluid,  418,  445,  450,  462 

for  Telegraphy,  527 

Two  Fluid,  423,  433,  438,  443, 

445,  466 

Use  of,  for  Electric  Lighting, 

488-491 

Waste  of  Energy  in,  489,  491 

C.G.S.  Units  Adopted  for  Electrical 
Measurements,  479,  576,  578, 
583,  587,  593 

Units,  Value  of  Ampere,  Ohm, 

and  Volt  in,  479,  573,  576, 
578,  579,  583,  587,  593 

Charge,  Distribution  of,  224 

Electric,  Meaning  of,  208 

of  Body,  Variation  of  Potential 

with,  208,  209 

Sign  of,  214-231 

Charged  Body,  Introduction  of,  into 
Conductor,  218 

Chemical  Action  in  Cell,  Calculation 
of  E.M.F.  from,  477-482 

Action  in  Darnell's  Cell,  424,  427, 

478 

Action  in  Edison-Lalande  Cell, 

463 

Action  in  Grove's  Cell,  438,  439 

Action  in  Leclanche  Cell,  450 

Action  in  Potassium  Bichromate 

Cell,  445 

Action  in  Preparation  of  Chro- 
mium Trioxide,  447 

Action  in  Simple  Voltaic  Element, 

418 

Action  in  Sulphuric  Acid  Volta- 
meter, 33 

Action  of  Current,  Rate  of,  In- 
dependent of  Size  and  Shape 
of  Apparatus,  17 

Action  Produced  by  One  Ampere 

per  Second,  23,  29,  424,  440, 
465,  478,  484,  588,  593 

Action,  Rate  of,  and  Number  of 

Cells  in  Series,  360 

Action,  Rate  of  Production  of, 

Proportional  to  Current  Pass- 
ing, 14,  22,  361 

Energy,  Conversion  of  Electric 

Energy  into,  315 

Energy  Converted  into  Electric 

Energy  per  Second  per  Am- 
pere in  Daniell's  Cell,  478 

Energy,  Rate  at  which  Converted 

into  Electric  Energy  in  Cell, 
361,  380,  382,  383 

Property  of  Current,  Uses  of,  9 

Property  of  Current,  Why  Cur- 

rent  Strength  Defined  by,  14 

Chrome  Alum,  Formation  of,  in 
Potassium  Bichromate  Cell, 
448 
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Chromic  Acid  Cell.  (See  Cell, 
Potassium  Bichromate.) 

• Acid.     (See  Chromium  Trioxide. ) 

Chromium  Trioxide  Consumed  in  Cell 
per  Board  of  Trade  Unit  Pro- 
duced, Weight  and  Cost  of, 
487 

Trioxide,  Consumed  in  Cell  per 

Hour  per  1,000  Amperes,  484 

Trioxide,  Preparation  of,  445, 

447,  448 

Trioxide,  Use  of,  as  Depolariser 

in  Cell,  445 

Circuit,  Abstraction  of  Energy  from, 
by  Generators,  371,  881 

Arrangement  of,  Requiring 

Least  Number  of  Cells  to 
give  Fixed  Power  to  External 
Portion,  555 

Back  E.M.F.  in,  370 

Complete  Electric,  Description 

of,  352 

Distribution  of  Potential  in,  376 

Distribution  of  Potential  in, 

with  E.M.F.  Opposing,  378 

Electric,  Analogies  with,  354, 

Electric,  Mechanical  Model 

Illustrating,  355-357 

External,  Arrangement  of  Bat- 
tery to  Give  Maximum  Cur- 
rent and  Power  to,  545 

External,  Arrangement  of  Part 

of,  to  Receive  Maximum 
Power,  393 

External,  Conditions  Governing 

Variation  of  Potential  along, 
374,  375 

External,  E.M.F.  of,  to  Receive 

Maximum  Power  from  Given 
Current  Generator,  393 

External,  Rate  at  which  Energy 

Given  to,  or  Taken  from,  by 
Generator,  358,  371,  380-383 

External,  Receiving  Maximum 

Power  from  Given  Generator, 
385-393 

External,  with  Opposing  E.M.F., 

Distribution  of  Potential  in, 
378 

External,  Variation  of  Received 

Power  from  Maximum,  397 

Introducing  Electric  Energy 

into,  358 

Maintaining  P.O.  between  Ends 

of,  Constant,  287 

Part  of,  in  which  Potential 

Diminishes  in  Direction  of 
Current,  352 

Part  of,  in  which  Potential 

Increases  in  Direction  of 
Current,  353 


Circuit,  Power  Absorbed  in,  Exterior 

to  Generator,  370 
Raising  Potential  of  Electricity 

in,  353 
Rate  of  Introduction  of  Electric 

Energy  into,  358 
Rate  of  Production  of  Heat  in, 

318-327 

Single,  Definition  of,  377 

Single,  Uniformity  of  Current 

in,  377 
Circuits,  Parallel,  Independence   of 

Currents  in,  525 

Clark's  Cell.    (See  Cell,  Clark's.) 
Clark,    Latimer,    Proposes     Names 

Ohmad  and  Volt,  573,  576 
Clock  Joulemeter.    (See  Joulemeter, 

Clock.) 
Coal  Gas,  Transmission  of  Energy  by, 

356 
Coefficient,  Temperature,  and  Specific 

Resistance  of  Conductor,  Re- 
lation between,  267 
Coefficients,  Temperature,  of  Resist- 
ance of  Metals  and  Alloys, 

264-267 
Coil  and  Iron  Core,  Variation  of  Force 

between,  with  Positions  of, 

137 
Circular,      Carrying      Current, 

Lines  of  Force  due  to,  71 
Large,      Importance      of,      for 

Tangent  Galvanometer,  100 
Moving,  of  Ayrton  and  Mather's 

Ammeter,  148,  149 
Moving,    Shape    of,  to    Obtain 

Greatest  Torque,  148 
Non-inductive    Resistance,   for 

Large  Currents,  282 
Pendulum,  of  Clock  Joulemeter, 

338 
Plane  of,  and  Axis    of  Needle, 

Test  for  Parallelism  between, 

in  Tangent  Galvanometer,  86 
Position  of,  and  Force  Exerted 

on,  in  Weston  Milammeter, 

147 
of  Sine  Galvanometer,  Position 

of,  119 

Spinning,  Use  of,  for  Deter- 
mining Unit  of  Resistance, 

572 

—  Standard  Resistance,  276 

—  of  Tangent  Galvanometer,   Ad- 

justment of,  85 

of  Tangent  Galvanometer,  Posi- 
tion of,  85 

of  Tangent  Galvanometer,  Why 

Circular,  107 

Coils  for  Commercial  Wheatstone's 
Bridge,  Values  of,  281 
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Coils  for  Differential  Galvanometer, 

Construction  of,  240 
for    Differential    Galvanometer, 

Equality  of  Magnetic  Effects 

and  Equality  of  Resistance, 

240 

of  Motor,  342 

of  Ohmmeter,  233 

of  One  B.A.  Unit  of  Resistance, 

Verification  of,  574 
for  PortableWheatstone's  Bridge, 

Values  of,  287 
of  Proportional    Galvanometer, 

125 
for  Resistance  Boxes,  Values  of, 

283 

of  Shunt  Box,  295,  297 

of  Thomson  Joulemeter,  341-345 

Resistance,  Description  of,  46 

Resistance,  Earliest  Form,  569 

Resistance,    Kind    and    Gauge 

of  Wire   Employed  in,  281, 

282 
Resistance,  Magnetic  Action  in, 

281 
Resistance,  Mode  of   Winding, 

280-283 
Resistance,  Specific  Resistance 

and    Temperature   Variation 

of  Materials  of,  271 
Resistance,  Variation  and  Meas- 
urement of  Temperature  of, 

280,  281 

Resistance,  When  Used,  278 

Combined  Resistance,  Definition  of, 

291 
Combustion,  Measurement  of  Heats 

of,  478,  481 
Commercial  Efficiency  of  Generator, 

and  of  Motor,  Definition  of, 

406 

Efficiency  of  Transmission,  De- 
finition of,  409 

Forms  of  Wattmeters,  331 

Commutator,  Description  of,  342 
of  Elihu  Thomson  Joulemeter, 

343,  348 
Comparing  E.M.Fs.  of  Cells,  502-510 

(See  also  Measuring  E.M.F.) 
P.Ds.  by  Current  Method,  176 

(See  also  Measuring  P.D.) 

Quantities  of  Electricity,  211 

Resistances     in      Parallel      by 

Differential      Galvanometer, 

238 

Resistances  in  Parallel  by  Wheat- 
stone's  Bridge,  241-253 
Resistances  in  Series,  177,  184, 

186 

Resistances  by  Simple  Substitu- 
tion, 235 


Comparing  Resistances.  (See  also 
Measuring  Resistance.) 

Comparison  Coils  of  Wheatstone's 
Bridge,  285,  287 

Compass  Needle,  Conditions  Govern- 
ing Rate  of  Vibration  of,  79 

Needle,  Connection  between  De- 
flection of,  and  Direction  of 
Current  Round,  34 

Needle,  Mapping  Out  Lines  of 

Force  with,  76 

Needle,  Measuring  Strength  of 

Magnetic  Field  with,  79 

Needle,  Method  of  Increasing 

Moment  of  Inertia  of,  79 

Needle  Showing  Direction  of 

Current  through  Magnifying 
Spring  Ammeter,  138 

Conducting  Case,  Advantage  of  En- 
closing Electrical  Apparatus 
in,  197,  200 

Case  Surrounding  Charged  Body, 

Conditions  Governing  Screen- 
ing Action  of,  223 

—  Case,  Testing  Power  of,  as 
Electrostatic  Screen,  198 

Cases  Necessary  for  Electro- 
static Voltmeters,  198 

Cases,  Various  Forms  of,  197-200 

'  System,  Condition  for  Uniform 

Potential  at  All  Parts,  166 

Transparent  Varnish,  Composi- 
tion of,  200 

Transparent  Varnish,  Use  of, 

166,  192,  199 

Conduction,  Definition  of,  218 

Body  Electrified  by,  Definition 

of,  218 

Conductivities  of  Equivalent  Con- 
ductor and  of  Branch  Cir- 
cuits, 292,  293 

Relative  Electric  and  Heat,  per 

Cubic  Unit,  275 

Conductivity,  Definition  of,  14,  274 

Electric  and  Heat,  Relative 

Diminution  of,  275 

of  Silver,  274 

Percentage,  of  Copper,  Defini- 
tion of,  274 

Proposed  Unit  of,  274 

Conductor,  Charge  Induced  on,  by 
Introduction  of  Charged 
Body,  218 

Closed  Hollow,  Force  Produced 

Inside,  by  Current  along, 
197 

Closed,  No  Force  Inside,  due 

to  Exterior  Electrification, 
196 

Conditions  Affecting  Resistance 

of,  253-271 
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Conductor  with  Current  Passing  nnd 
Magnet,  Force  Exerted  Be- 
tween, 3,  129 

Effect  of  Changing  Shape  of,  on 

Current,  173 

Electrified  by  Conduction  or  In- 
duction, 218 

Equivalent,  and  Branch  Circuits, 

Conductivities  of,  292,  293 

No  Electricity  at  Rest  Inside, 

209 

~ —  P.D.  Maintained  Constant  be- 
tween two  Points  of,  158,  510 

— —  Position  of,  for  Magnet  to  Exert 
Greatest  Force  on,  129 

Potential  of,  Definition  of,  200 

• Potential  of,  and  Quantity  of 

Electricity  on,  206-231 

Quantity  of  Electricity  on, 

Definition  of,  212 

Ratio  of  P.D.to  Current  through, 

Constant,  170 

Reduced  Length  of,  Definition 

of,  568 

Resistance  of,  Varies  with  Cross 

Section,  254,  257 

Resistance  of,  Varies  with 

Length,  253-256 

Resistance  of,  Varies  with 

Material,  254,  257-262 

Resistance  of,  Varies  with  Tem- 
perature, 233,  254,  262-271 

Warmed  by  Current,  5,  8,  318 

Conductors  in  Parallel,  Combined 
Resistance  of,  292 

—  Parallel,    Resistances    of,    and 

Currents  Passing,  238 

Parallel,  Ratio  of  Currents  in, 

to  Current  in  Main,  295 

P.D.  between,  Definition  of,  161 

P.D.  between,  How  Shown,  161 

P.D.  between,  When  One  Sur- 
rounds the  Other,  218 

—  Specific   Resistances  and   Tem- 

perature Coefficients  of,  207 
With      Negative      Temperature 

Change  of  Resistance,    •_'(>:, 

269,  271,  312 
- — -  With  No  Temperature  Change  of 

Resistance,  269 
With  Small  Temperature  Change 

of  Resistance,  266-271 
Constant    and     Uniform,    Difference 

between,  Note,  153 

E.M.F.,  522 

for  Tangent  Galvanometer,  A.D. 

1891-1900,  104 

P.D.,  522 

Construction  of  Galvanometer  Scale 

Giving      Relative      Current 

Strengths,  58 


Construction  of  Galvanometers  with 
Angular  Deflection  Directly 
Proportional  to  Current,  124 

of  Plug  Resistance  Boxes,  277 

of  Shunt  Boxes,  295,  304 

of  Sulphuric  Acid  Voltameter,  38 

of  Tangent  Galvanometer  Scale, 

88 

of  Wheatstone's  Bridge,  246 

Controlling  Field  on  Galvanometer 
Needle  having  Very  Small 
Deflections,  126 

Field  on  Galvanometer  Needle, 

When  Uniform,  80,  81,  126 

Force,  Calibrating  Sine  Galvano- 
meter, by  Altering  Direction 
of,  123 

and  Deflecting  Forces  on  Gal- 
vanometer Needle,  70,  81, 
102,  111 

Force  in  Ammeters,  Comparison 

of  Methods  of  Exerting,  128 

Force  of  Earth  on  Tangent  Gal- 
vanometer, Alteration  of,  10:5 

Force,  Total,  on  Tangent  Gal- 
vanometer, Determination  of, 
104 

Cooper's  Modification  of  Kahle's  H 
Form  of  Clark's  Cell,  474 

Copper  and  Silver,  Comparative 
Rates  of  Electric  Deposition 
of,  28 

Atomic  Weight  of,  27 

Deposited  in  Voltameter,  per 

Second,  per  Ampere,  27 

Electrochemical  Equivalent  of, 

Variation  of,  with  Area  and 
Temperature,  28 

Percentage  Conductivity  of, 

Definition  of,  274 

Plate  of  Cells,  419,  421,  431,  433, 

435.  (See  also  Plate,  Copper.) 

Relative  Electric  and  Heat 

Conductivities  of,  275 

Resistance  of,  per  Centimetre 

Cube  and  per  Inch  Cube, 
259 

Resistance  of,  per  Foot  Grain 

and  per  Metre  Gramme,  261 

Resistance  of,  and  Temperature, 

Equations  Connecting,  265 

Resistance,  Percentage  Varia- 
tion of,  per  1°C.,  266 

Resistance,  Variation  of,  with 

Density,  258,  Note,  312 

Temperature  Coefficient  of,  265, 

266 

Oxide  Consumed  in  Edison- 

Lalande  Cell  per  Board  of 
Trade  Unit  Produced,  Weight 
and  Cost  of,  465,  487 
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Copper  Oxide  Consumed  in  Edison- 

Lalande  Cell  per  Hour  per 

1,000  Amperes,  484 

Oxide  Plate  of  Cell,  462,  463 

Sulphate  consumed  in  Daniell's 

Cell  per  Board  of  Trade  Unit 

Produced,  Weight  and  Cost 

of,  486 
Sulphate  Consumed  in  Daniell's 

Cell    per    Hour    per   1,000 

Amperes,  425,  484 
Sulphate,      Diffusion      of,      in 

Daniell's  Cell,  430 
Sulphate,     Heat     Absorbed    in 

Decomposition  of,  478 

Voltameter,  10 

—  Voltameter,  When  Used,  26 
Cost  and  Weights  of  Materials  Con- 
sumed in  Cells  per  Board  of 

Trade  Unit  Produced,  486,  487 
Comparative,  of  Using  Cells  and 

Dynamo,  482 
of   Producing    Board  of  Trade 

Unit,  488,  491 
of   Producing   Board  of   Trade 

Unit,    with    Battery,     Con- 
ditions Governing,  482 
Coulomb,  Definition  of,  579 
Coulombmeter,  Definition  of,  348 
Crompton  Standard  Resistance  Used 

in  Measuring  Current,  520 
Cupric  Oxide,  Preventing  Formation 

of,  in  Daniell's  Cell,  430 
Current,  Absolute    Electromagnetic 

Unit  of,  Definition  of,  575 

Alternating,  Definition  of,  328 

and  Given  Number  of  Cells  in 

Series,  Curve  Connecting,  546 
and     P.D.,     Given,     Minimum 

Number  of  Cells  to  Produce, 

549 
Best  Cell  to  Produce  Strong,  for 

Short  Time,  447 

Board  of  Trade  Standard  of,  594, 

595 
Calories,  Resistance,  and  Time, 

Relation  between,  318,  324 
Change  in,  and  Diminution  from 

Maximum    of   Power   Given 

by,  397 
Choice  of  Method  for  Measuring, 

9-14 
Decomposition    of    Liquid    by, 

4,10 
Deflection  of  Magnet  by,  3,  5, 

34,  69 
Direction  of,  in  Cells,  423,  424, 

427,  438,  439,   445,   446,  450, 

463 
Direction    of    Flow,    Definition 

of,  2,  31 


Current,  Direction  of,  How  Deter- 
mined, 34,  134 

Direction     of,     and     Magnetic 

Polarity,      Connection      be- 
tween, 36 

Direction    of,    When  Necessary 

to  Know,  134 

Density,  Definition  of,  483 

Electric,  Compared  with  Cur- 
rent of  Water,  2,  5,  13,  152, 
313,  353,  354 

Electric,  What  is  Meant  by,  2 

of  Gas,  Measurement  of  Distri- 
bution of  Pressure  in,  158 

-Generator,  Arrangement  of,   to 

give  Maximum  Power  to  Ex 
ternal  Circuit,  395 

-Generator,  Commercial  Effic- 
iency of,  406 

Generator,  Electrical  Efficiency 

of,  406 

• Generator  with  E.M.F.  Helping 

May  Abstract  Energy,  381 

-Generator,  E.M.F.  of,  and  Loss 

of  Power  in  Electric  Trans- 
mission, 410 

Generator,  E.M.F.  of,  Definition 

of,  369 

Generator,  External  Circuit  Re- 
ceiving Maximum  Power 
from,  385-395 

Generator,  Finding  Circuit  Re- 
ceiving Maximum  Power 
from,  391 

Generator,  Measuring  E.M.F.  of, 

369 

— -  -Generator  of  Fixed  E.M.F.  and 
Resistance  giving  External 
Circuit  Maximum  Power,  389 

-Generator,  Power  Absorbed  in 

Circuit  Exterior  to,  370 

Generator,  Power  Developed  by, 

358 

Generator,  Power  Developed  by, 

Equals  Current  into  E.M.F. 
of,  370 

Generator  with  Variable  E.M.F., 

369 

Generator, Work  done  by, 157,359 

—  Heat  Produced  by,  5,  9,  318 

Increase  of,  in  Main  by  Apply- 
ing Shunt,  298 

in  Battery,  P.D.  between  Ter- 
minals, E.M.F.  and  Resist- 
ance, 364 

in  Battery,  Proportional  to  Chem- 
ical Action,  359 

in  Cell  in  Terms  of  P.D.,  E.M.F., 

and  Resistance,  3(54,  380-383 

in  Circuit,  P.D.  between  Ter- 
minals, and  Power,  370 
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Current  in  Circuit,  Uniform  Strength 
of,  152,  377 

in  Daniell's  Cell,  Variation  of, 

•with  Temperature,  436 

in  Galvanometer  and  Deflection 

of  Needle,  45,  84, 112, 124,  127 

in  Galvanometer  and  Force 

Keeping  Needle  at  Rest,  70 

in  Tangent  Galvanometer  with 

Earth's  Control,  Formula 
Giving,  103 

in  Generator,  Ratio  of,  to  Power 

Developed,  370 

in  Magnifying  Spring  Ammeter 

Proportional  to  Angular  De- 
flection, 137 

in  Simple  Voltaic  Element,  Cause 

of  Diminution  of,  421 

in  Voltameter,  Direction  of,  33 

Magnetisation  of  Iron  by,  3,  5,  35 

Maximum,  for  Cell,  Safety 

Limitation  of,  559 

Maximum,  through  Given  Ex- 
ternal Resistance,  Arrange- 
ment of  Given  Number  of 
Cells  to  Produce,  545 

Measured  by  Chemical  Property, 

14-23 

Measuring,  Board  of  Trade  In- 
struments for,  588 

Measuring  with  Ammeter,  127. 

(See  also  Ammeter.) 

Measuring  with  Clark's  Cell 

and  Known  Resistance,  519 

Measuring  with  Copper  Volta- 
meter, 10,  26 

Measuring  with  Silver  Volta- 
meter, 23-26,  595 

Measuring  with  Voltmeter  and 

Fixed  Resistance,  189 

Measuring,  Instruments  for. 

(See  Ammeter,  Calorimeter, 
Electromagnet,  Galvano- 
meter, Galvanoscope,  Volta- 
meter.) 

Measuring  Rate  of  Heat  Pro- 
duced by,  319 

Measuring,  Standard  Resistance 

Used  in,  520 

Measuring.  (See  also  Measuring 

Current.) 

Method  of  Comparing  P.Ds., 

176 

P.O.  to  Send,  round  Entire 

Circuit  Constant  for  Given 
Battery,  361 

Power,  and  P.D.,  Relation  be- 
tween, 327 

Primary,  Direction  of,  in  Expe- 
rimental Voltaic  Element, 
423 


Current,  Production  of,  15C.  (See  also 
Battery,  Cell,  and  Current- 
Generator.) 

Production    of,    between    Two 

Conductors,  161 

Properties  of,  3 

Property  of,  Best   to  Measure 

Strength  by,  20 

Proportional  to  Rate  of  Chemical 

Action,  22,  361 

Ratio  of  P.D.  to,  Constant  for 

given  Conductor,  170 

Ratio    of    P.D.    to,    for    given 

Conductor,      Experimentally 
Determined,  171 

Reversing  Direction  of,  without 

Altering  Value,  87 

Secondary,      Direction    of,      in 

Experimental     Voltaic    Ele- 
ment, 423 

Strength,  Definition  of,  23 

Unit  of.    (See  Ampere.) 

Unit  of,  Aim  of  B.A.  Commit- 
tee in  Choosing,  576 

Uses  of  Different  Properties  of, 

9 

Variation  of  Effect  of  Shunt  on 

witli     Change    of    External 
Resistance,  299 

Variation    of    Light     of    Glow 

Lamp  with  Change  of,  490 

Variation    of,    with    Change    of 

Back  E.M.F.,  372 

of  Water  Compared  with  Electric 

Current,  2,   5,   13,   152,   313, 
353,  354 

of  Water,  How  Maintained,  156 

of  Water   and    Loss  of   Head, 

153-156 

of  Water,  Work  Done  by,  313 

Electric,  Work  Done  by,  313 

Voltmeter.     (See  Voltmeter.) 

Currents,  Eddy  or  Foucault,  147 

in  Armature  of  Elihu  Thomson 

Joulemeter,     Directions    of, 
344 

in  Batteries  with  Different  Ar- 
rangements of  Cells,  537 

in  Elihu   Thomson  Joulemeter 

Proportional     to     Magnetic 
Fields  Produced,  346 

in  Parallel  Circuits,  Independ- 
ence of,  525 

• in  Parallel  Conductors,  Ratio  of, 

to  Current  in  Main,  295 

in     Shunt    and    Galvanometer, 

Ratio  between,  290 

in    Shunt    and    Galvanometer 

Ratio     of    each    to    Whole 
Current,  290J 

Local,  429 
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Currents  Passing  through  Two  Con- 
ductors in  Parallel,  Measure- 
ment of,  238 

Through  Two  Conductors  in 

Parallel  Inversely  Propor- 
tional to  Resistances,  238 

Curve,  Calibration.  (See  Calibration 
Curve.) 

« Connecting  Galvanometer  De- 
flection and  Current,  52 

Connecting  Power  Received  by 

External  Circuit  with  its 
Resistance,  401,  402 

Connecting  Rate  of  Flow  of 

Water  with  Loss  of  Head,  168 

How  General  Character  of  Re- 
sult Obtained  Shown  by,  5<> 

Recording  Results  of  Experi- 
ment for  Calibrating  Gal- 
vanometer, 52 

Showing  Current  Giving  Maxi- 
mum Power  to  External 
Circuit,  387 

Curves,  Choice  of  Abscissae,  Ordinates 
and  Units  for,  57 

Connecting  Variation  of  Resist- 
ance of  Metals  with  Temper- 
ature, 264,  265 

Drawing,  on  Squared  Paper,  51 

How  Drawing  of,  Corrects  Re- 
sults of  Experiments,  55 

Results  of  Intermediate  Untried 

Experiments  Obtainable 
from,  55 

Showing  Tests  on  Three  Types 

of  Leclanche  Cell,  456 

Cylinder,  Zinc  Plates  of  Cells  in  Form 
of,  431,  455,  461 


Daniell's  Cell.    (See  Cell,  Daniell's.) 

Use  of  Depolariser,  4:23 

D'Arsonval  Galvanometer,  Modifica- 
tions of,  144-151 

Galvanometer,  Principle  of,  130 

Davy's  Work  on  Electrical  Resistance 
of  Metals,  568 

Dead  Beat,  Meaning  of,  134 

Beatness  of  Various  Forms  of 

Ammeters,  134,  147,  149 

Decomposition  of  Liquid  by  Electric 
Current,  4,  12,  20,  359 

De-electrifying  Ebonite,  216 

Deflecting  Field  on  Galvanometer 
Needle,  When  Uniform,  80 

—  and  Controlling  Forces  on  Gal- 
vanometer Needle,  70,  81, 
102,  111 


Deflecting  Force  and  Galvanometer 
Needle,  Methods  of  Keeping 
Angle  between  Constant,  113 

Force  on  Galvanometer  Needle, 

When  Current  Directly  Pro- 
portional to,  70,  137,  147 

Force,  When  Proportional  to 

Sine  of  Angle  between  Body 
and  Controlling  Force,  112 

Deflection,  Angular,  of  Magnifying 
Spring  Ammeter  Propor- 
tional to  Current,  137 

Best,  to  use  with  Tangent 

Galvanometer,  90 

of  Galvanometer  Needl?.  and 

Current  Connection  be- 
tween, 45,  84,  112,  124,  127 

of  Magnet  by  Electric  Current,  3, 

5,  34,  09 

of  Tangent  Galvanometer  Inde- 
pendent of  Strength  and 
Length  of  Needle,  91 

on  Bridge  Galvanometer,  Mean- 
ing of,  253 

Deflectional  Electrometer,  Principle 
of,  162 

Voltmeter,  Calibrating,  183 

Wattmeter,  332 

Deflections  of  Tangent  Galvanometer 
Controlled  only  by  Earth's 
Magnetism,  Values  in  Am- 
peres of,  102 

Density,  Current,  Definition  of,  483 

Electric,  224-231 

of  Copper,  Variation  of  Specific 

Resistance  with,  258,  Note, 
312 

Quantity,  and  Potential,  Ex- 
amples Showing  Difference 
Between,  226 

Depolariser,  First  Use  of,  423 

of  Daniell's  Cell,  423 

of  Dry  Cells,  458,  459,  461 

of  Edison-Lalande  Cell,  462 

of  Grove's  Cell,  458,  439 

of  Leclanche'  Cell,  450 

• of  Potassium  Bichromate  Cell, 

445 

Deprez'  Moving  Coil  Galvanometer, 
Principle  of,  130 

Proportional  Galvanometer, 

Principle  of,  125 

Desiccator,  Description  of,  25 

Detachment,  Force  of,  in  Magnetic 
Experiments,  How  Affected 
by  Character  of  Surfaces,  66 

Detector,  Calibrating,  by  Comparison 
with  Tangent  Galvanometer, 
108 

Definition  of,  109 

Difference  of  Potentials.    (See  P.D.) 
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Differential  Galvanometer,  238.  (See 
also  Galvanometer,  Differen- 
tial.) 

Gearing  of  Supply  Meter,  340 

Direct  Reading  Galvanometer,  Defini- 
tion of,  127 

Reading  Electrostatic  Voltmeter, 

Construction  of  Scale  for,  ISO 

Direction  of  Current,  Meaning  and 
Definition  of,  2,  31 

of  Current,  How  to  Reverse 

without  altering  Value  of,  87 

. of  Current,  when  Necessary  to 

Know,  134 

of  Current  Shown  with  Per- 
manent Magnet,  Magnifying 
Spring,  and  Moving  Coil  Am- 
meters, 134,  13(5,  145 

Disconnecting  Ammeter,  Result  of, 
181,  183 

Voltmeter,  Result  of,  181,  183 

Dissimilar  Magnetic  Poles,  Action 
between,  69 

Distribution  of  Charge,  224 

of  Magnetism  in  Magnet,  03 

of  Potential  in  Battery,  374 

Dorn,  Ohm  Determined  by,  582 

Dry  Cells,  457-462 

Duncan,  Rowland,  and  Kimball,  Ohm 
Determined  by,  583 

Dynamo  and  Galvanic  Cells,  Com- 
parative Cost  of  Producing 
Electric  Energy  with,  482- 
491 

Cost  of  Producing  Board  of 

Trade  Unit  with,  488 

Dyne,  Definition  of,  Note,  317 


E 


"  Earth,"  Definition  of,  162 

• Potentials  of  Terminals  of  Cell 

Relatively  to,  375 

Earth's  Controlling  Force  on  Tangent 
Galvanometer,  Variation  of, 
with  Place  and  Year,  103 

Electrification,  160 

Magnetic  Field,  Method  of  Neu- 
tralising, 78 

Magnetic  Force,  Disturbing  Ac- 
tion of,  on  Another  Mag- 
netic Field,  77 

Potential,  Arbitrary  Value  of, 

160 

Earthing,  Definition  of,  162 

Ebonite,  Electrification  of,  214 

E.C.C.  Dry  Cell,  459.  (See  also  Cell, 
E.C.C.  Dry.) 

Eddy  Currents,  Meaning  of,  147 

U* 


Edison-Lalande  Cell,  462.  (See  also 
Cell,  Edison-Lalande.) 

Efficiency,  Definition  of,  405 

How  Expressed,  405 

Commercial,  of  Generator  and 

of  Motor,  406 

Commercial,  of  Transmission, 

409 

Electrical,  of  Generator  and  of 

Motor,  406 

• Electrical,  and  Ratio  of  Power 

Received  to  Maximum  Power 
Receivable,  412 

Electrical,  Obtained  with  Given 

Number  of  Cells  Arranged  to 
Give  Greatest  Power  to  Fixed 
External  Circuit,  548 

Electrical,  of  Transmission  of 

Energy,  409 

• High  Electrical,  How  to  Trans- 
mit Power  with,  410 

Electric  Arc.-   (See  Arc.)  " 

Charge.     (See  Charge.) 

Circuit.     (See  Circuit.) 

Conductivity.  (See Conductivity.) 

Conductor.     (See  Conductor.) 

Current.    (See  Current.) 

Density.  (See  Density,  Electric.) 

Energy.    (See  Energy,  Electric.) 

Lighting.  (See  Lighting,  Elec- 
tric.) 

Potential.     (See  Potential. ) 

Power.    (See  Power.) 

Resistance.    (See  Resistance.) 

Spark  Proves  Existence  of  P.D., 

161 

Transmission.  (See  Transmission, 

Electric.) 

Electrical  Apparatus  Enclosed  in 
Conducting  Case,  197 

Efficiency.  (See  Efficiency,  Elec- 
trical.) 

Standards.  (-See  Standards,  Elec- 
trical.) 

Units.    (See  Units,  Electrical.) 

Electricity,  Charge  of.     (See  Charge.) 

Comparing  Quantities  of,  211 

in  Body,  Testing  Sign  of,  215,  221 

None  at  Rest  Inside  Conductor, 

209 

Quantity  of,  Definition  of,  208, 

209,  212 

Quantity  of,  in  Fixed  Con- 
ductor Proportional  to  its 
Potential,  211 

Quantity  of,  Produced  by 

Rubbing  Two  Bodies  To- 
gether, 214 

Tendency  of,  to  Pass  between 

Conductors  Differing  in  Po- 
tential, How  Shown,  161 
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Electrification  by  Conduction  and 
Induction,  Definition  of,  218 

of  Body,  Alteration  of  Potential 

with  Amount  of,  209 

of  Body,  Testing  Sign  of,  215, 

221 

of  Ebonite  and  Cat's  Fur  when 

Rubbed  Together,  216 

of  the  Earth,  160 

of  Leaves  of  Gold-leaf  Electro- 
scope, 221 

Electrochemical  Equivalents  of 
Copper  and  Zinc,  27,  28 

Electro-Dynamometer,  Principle  of, 
575 

Electrolysis,  Faraday's  Experiments 
on,  27 

of  Dilute  Sulphuric  Acid,  32, 

Note,  62 

Electrolyte,  Decomposed    into  Ions, 

Electrolytic     Action    Produced     in 
Given  Time  by  Given  Cur- 
rent, Conditions    Governing 
Amount  of,  27,  483 
Electromagnet,  Description  of,  10,  17 
Electromagnetic    System    of   Units, 
Absolute,      571.      (See     ulso 
Absolute       Electromagnetic 
System.) 

Electrometer,  Ayrton  and  Mather 
Zero,  164,  181.  (See  also 
Voltmeter,  Zero  Electro- 
static.) 

Zero  Type  of,  163 

Electrometers,  Types  of,  162 
Electromotive  Force.    (See  E.M.F.) 
Electromotor  and  Thermo-pile,  Use 
of,  for  Conversion  of  Energy, 
Note,  563 

Series  or  Single  Circuit,  Defin- 
ition of,  Note,  371 
Electronegative  and  Electropositive 

Ions,  Definition  of,  33 
Electroscope,  Gold-leaf,  191-196,  219- 
222 

Gold-leaf,  Calibration  of,  194 

— -  Gold-leaf,  Construction  of,  192 

Gold-leaf,  Divergence  of  Leaves 

and  Diameter  of  Case,  195 

Gold-leaf,    Law   of,    Conditions 

Governing,  194 

Gold-leaf,  P.D.  between  Leaves 

and  their  Divergence,  194 

Gold-leaf,  Precaution  when  Not 

in  Use,  193 

Gold-leaf,  Sensibility  of,  194 

Gold-leaf,     Testing       Sign     of 

Charge  and  Potential  with, 
219 
Gold-leaf,  When  Used,  191 


Electroscopes  with  Lead  Foil  Leaves, 
When  Used,  196 

Electrostatic  Action,  Exterior,  Poten- 
tial Inside  Closed  Conductor 
Due  to,  197 

Action,  Exterior,  Produces  no 

Force  Inside  Closed  Conduc- 
tor, 196 

Action,  Inside,  Screening  Out- 
side Space  from,  222 

System  of  Units,  Absolute,  571 

Voltmeter,  Zero,  164,  179 

Element,  Simple  Voltaic.  (See  Simple 
Voltaic  Element.) 

Elihu  Thomson  Joulemeter.  (See 
Joulemeter,  Thomson.) 

E.M.F.  Back,  Change  of,  and  Varia- 
tion of  Current,  372 

Back,  Definition  of,  371 

Back,  of  External  Circuit  Re- 
ceiving Maximum  Power 
from  Given  Current-Genera- 
tor, 393 

Back,  in  Simple  Voltaic  Element, 

Cause  of,  420 

Back,  in  Simple  Voltaic  Element, 

Experiment  to  Find  Seat  of, 
421 

Back,  in  Smee's  Cell,  482 

Back,  Methods  of  Measuring,  371 

Back,  of  Circuit  Receiving  Maxi- 
mum Power  from  Given 
Current-Generator,  393 

Back  of  Electric  Arc,  Difficulty 

of  Determining,  372 

Back,  to  Produce  most  Rapid 

Transformation  of  Energy, 
393-395 

Constant,  522 

of  Battery,  Definition  of,  361 

• of  Battery,  Conditions  Govern- 
ing, 361 

of  Battery,  Definition  of,  301 

of  Battery,  Measuring,  305 

of  Battery,  P.D.  between  Ter- 
minals, Resistance  and  Cur- 
rent, 364,  380-383 

E.M.Fs.  of  Batteries  with  Cells  Joined 
in  Series,  Parallel,  and  Paral- 
lel-Series, 537,  538 

E.M.F.  of  Cell,  Calculated  from 
Chemical  Action,  477-482 

of  Cell,  Determined  with  Volt- 
meter, 362,  365 

of  Cell,  Effect  of  Amalgamating 

Zinc  on,  430 

of  Cell,  Effect  of  Polarisation  on, 

301 

of  Cell  Helping  or  Opposing 

Current,  Distribution  of  Po- 
tential in  Cell,  374-381,  384 
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E.M.F.  of  Cell  Independent  of  Size 
and  Shape  of  Plates,  362-364 

of  Cell,  Measurement  of,  362, 

365,  477 

of  Cell,  When  Equal  to  Terminal 

P.D.,  522 

of  Bunsen's  Cell,  444 

of  Burnley  Dry  Cell,  460 

of  Clark's  Cell,  467,  470,  474, 

588,  589,  594 

of  Clark's  Cell,  Effect  of  Send- 

ing  too  Large  a  Current  on, 
477 

•  of  Clark's  Cell,  Potentiometer 

Method  of  Graduating  Volt- 
meter in  terms  of,  516 

of  Clark's  Cell,  Temperature 

Variation  of,  475 

of  Clark's  Cell,  Temperature 

Variation  of,  Affected  by 
Method  of  Construction,  475 

of  Dauiell's  Cell,  and  of  Modifi- 
cations, 426,  430,  478,  539 

of  Daniell's  Cell  Calculated  from 

Chemical  Action,  478 

of  Daniell's  Cell,  Method  of 

Maintaining  Constant,  427 

of  Daniell's  Cell,  Variation  of, 

with  Density  of  Solutions 
and  Temperature,  426 

of  E.C.C.  Cell,  460 

of  Edison-Lalande  Cell,  464 

of  Gassner  Dry  Cell,  458 

of  Grove's  Cell,  440 

• of  Grove's  Cell  Calculated  from 

Chemical  Action,  480 

of  Grove's  Cell  Diminishes  with 

Use,  441 

of  Hellesen  Dry  Cell,  459 

of  Leclanche  Cell,  arid  of  Modifi- 
cations, 451 

of  Obach  Dry  Cell,  462 

of  Potassium  Bichromate  Cell. 

446 

of  Simple  Voltaic  Element, 

Causes  of  Diminution  of,  420 

of  Simple  Voltaic  Element,  Ex- 
periment to  Show  Fall  of, 
when  Current  Sent,  420 

of  Smee's  Cell,  Calculating,  482 

E.M.Fs.  of  Cells,  Comparing,  502-510 

E.M.F.  of  Any  Current-Generator, 
Definition  of,  369 

of  Current-Generator,  Increase 

of,  with  Power  Transmitted 
for  Same  Efficiency,  410 

of  Current-Generator,  Measuring 

when  Variable,  369 

of  External  Circuit,  Receiving 

Maximum  Power  from  Given 
Current-Generator,  393 


Energy,  Board  of  Trade  Unit  of. 
349,  488,  491 

Chemical,  Apparatus  for  Trans- 
forming, into  Electric  Energy, 
358,  359 

Chemical,  Conveited  into  Elec- 
tric Energy  per  Second  per 
Ampere  in  Daniell's  Cell, 
478 

Chemical,  Conversion  of  Elec- 
tric Energy  into,  315 

Chemical,  Rate  at  which  Con- 
verted into  Electric  Energy 
in  Cell,  361,  380,  382,  383 

Electric,  Abstraction  of,  from 

Circuit  by  Current-Genera- 
tors, 371,  381 

Electric,  Apparatus  for  Con- 
verting into  Other  Non-Heat 
Energy,  315,  371 

Electric,  Apparatus  for  Intro- 
ducing into  Circuit,  358,  359 

Electric  Comparative  Cost  of 

Producing  with  Galvanic 
Cells  and  with  Dynamo,  482- 
491 

Electric,  Heat,  and  Mechanical, 

Conversion  of,  314 

Electric,  Conversion  of  Heat 

Energy  into,  with  Thermo- 
pile, Note,  563 

Electrical  Efficiency  of  Trans- 
mission of,  409 

Electrical  Efficiency  of  Trans- 
mission, How  to  Make  Large, 
410 

Electric,  Liberated  by  Chemical 

Action  in  Cell,  Calculation  of 
E.M.F.  from,  477 

Electric,  Measuring  Amount  of, 

Given  to  Circuit,  334-349 

Electric,  Measuring  Heat  Equi- 
valent of,  319 

Electric,  Meter.  (See  Joule- 
meter.) 

Electric,  Rate  at  which  Given 

to,  or  Taken  from  External 
Circuit  by  Current  Genera- 
tor, 358,  371,  380-383 

Electric,  Rate  at  which  Chemi- 
cal Energy  is  Converted  into, 
in  Cell,  361,  380,  382,  383 

Electric,  Rate  at  which  Con- 
verted into  Heat  in  Cell,  318, 
370,  380-384 

Electric,  Rate  of  Conversion  of, 

into  other  Non-Heat  Energy, 
370,  371 

Electric,  Transmission  of,  352 

Electric,  Transmission  of,  Model 

Illustrating  355,  357 
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Energy,  Electric,  Unit  of,  317,  349 
Heat,  Production  of,  in  Trans- 
formation   of  Energy,    404, 

411 
Heat,    Rate    of  Conversion    of 

Electric   Energy    into,    318- 

324,  370,  380-384 
Mechanical,        Conversion      of 

Energy  of  Current  into,  314 
Transmission    of,     Methods  of, 

352,  354,  356,  357 
Equilibrium  of  Galvanometer  Needle, 

Conditions  of,  82,  111 
Erg,  Definition  of,  Note,  317 

Meter,  334 

Ergs  par  Second,  Value  of  Watt  in, 

326 
Value  of  Joule   and    Board   of 

Trade  Unit  in,  317,  349 
Evershed  Gravity  Control  Ammeter, 

Latest  Form,  142 
Gravity  Control  Ammeter,  Scale 

of,  144 
Examples    on  E.M.F.   of   Batteries,    j 

Ixxxi-lxxxvii ;  307-368 
on  Consumption  of  Materials  in 

Daniell's   Cells,    cxiii-cxvii ;    j 

436-437 
on  Grove's  Cells,   cxviii-cxxiv  ; 

442-443 
on  Consumption  of  Materials  in 

Leelanch6      Cells,      cxxxi- 

cxxxv ;  456-457 
on  Consumption  of  Materials  in 

Potassium  Bichromate  Cells, 

cxxv-cxxx ;  448-449 
on  Maximum  Current  through 

Cell,    Cell    not    Abstracting 

Energy  from  Circuit,  xcvi ; 

385 
on    Measuring    Resistances     of 

Cells,  cxxxvi-cxli  ;  501-502 
on  Arrangements  of  Cells,  clxv- 

clxix ;  542-544 
on    Arrangements    of  Cells    to 

Send      Maximum      Current 

through  Given  External  Re- 
sistance, clxx-clxxiii ;    548- 

549 
on  Safe  Arrangement  of  Cells, 

clxxx-clxxxiii ;  561-562 
on  Least  Number  of  Cells    for 

Given    Current    and     P.D., 

clxxiv-clxxv ;  552-553 
on    Least  Number  of  Cells    to 

Give  Fixed  Power  to  Given 

External      Circuit,     clxxvi, 

clxxvii;     554-555;    clxxviii, 

clxxix ;  558-559 
on  Direction  of  Current,  x-xii ; 

37 


Examples    on    Currents   in    Parallel 

Conductors,  liii ;  295 
on     Work    done    by    Current, 

Ix-lxiii ;  316-317 
on  E.M.F.,  and  Back  E.M.F.,  of 

Generators      and       Motors, 

Ixxxviii-xcv ;  372-374 
on      Comparing      E.M.Fs.      of 

Generators,        cxlii-cxlviii ; 

505-507 
on  Efficiencies  of  Generators  and 

Motors,  civ-cix  ;  400-408 
on  Efficiency  of  Electric  Trans- 
mission of  Energy,  cx-cxii : 

416-417 

on  Electrolysis,  i-ix  ;  29-31 

on  Glow  Lamps  in  Parallel  and 

Telegraph  Lines  in  Parallel, 

clii-clxiv  ;  528-535 
on  Heat  Equivalent  of  Electric 

Energy,  Ixiv,  Ixv ;  324 
on    Clock     Joulemeter,    Ixxiv, 

Ixxv ;  350 
on  Cost   of   Electric   Lighting, 

Ixxvi-lxxx  ;  351-352 
on     Potential,     Quantity,    and 

Density,  226-231 
on  Electric  Power,  Ixvi-lxx  ;  327 

-328 
on  Maximum  Power  Received  by 

Whole,  or  Part,  of  External 

Circuit,  xcvii-c ;  396-397 
on  Way  in  which  Power  Received 

by  Whole,   or  Part,   of  Ex- 
ternal   Circuit    Varies    from 

Maximum,  ci-ciii ;  403-404 
on  Units  of  P.D.  and  Resistance, 

xxii-xxix ;  175-176 
on  Resistance,  xxxv-xlvi ;  271- 

274 
on     Using     Resistances     with 

Voltmeters,  xxx,  xxxi  ;  187- 

188 
on  Combined  Resistance,  1-lii  ; 

294 

on  Shunts,  xlvii-xlix  ;  291 

on    Universal  Shunts,   Ivii-lix  ; 

310-311 
on  Increase  of  Main  Current  on 

Applying  Shunt,  liv-lvi ;  302 
on      Shunting    Galvanometers, 

cxlix-cli ;  523-524 
on  Tangent  Galvanometer,  xiii- 

xv ;  101-102  ;  xvi-xxi ;  104-107 
on  Using  a  Voltmeter  and  Resist- 
ance   as     Auuneter,     xxxii, 

xxxiii;  190 
on  Wattmeters  Ixxi-lxxiii ;  332- 

334 
on  Wheatstone's  Bridge,  xxxiv; 

253 
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Experiments,  Graphically  Recording 

Results  of,  50-62 
Importance    of  Changing    only 

One  Variable  at  Once  in,  254 
External     Circuit.        (See      Circuit, 

External.) 


Farad,  Definition  of,  579 

Faraday,  Experiments  on  Electro- 
lysis by,  27 

Experiments  on  Induction  by, 

213 

Fault  Testing  in  Telegraph  Lines  by 
Bright,  Siemens,  and  Yarley, 
569 

Feeders,  Definition  of,  526 

Fibre  and  Pivot  Suspensions,  of  Gal- 
vanometer Needle,  110 

Field  of  Thomson  Joulcmeter,  345 

Coils  of  Thomson  Joulemeter, 

345 

Controlling.  (See  Controlling 

Field.) 

Deflecting.  (See  Deflecting 

Field.) 

Magnetic.   (See  Magnetic  Field.) 

Mapping  out  of.  (See  Mapping 

out  Field.) 

of  Motor,  Definition  of,  342 

Uniform  Magnetic.  (See  Uni- 
form Magnetic  Field. ) 

Filings  for  Magnetic  Lines  of  Force 
Diagrams.  Preparation  of, 
565 

Mapping  out  Lines  of  Force 

with,  71-75,  77 

Fletcher,  Ohm  Determined  by,  583 

Flow  of  Water,  Connection  between 
Rate  of,  and  Loss  of  Head, 
168 

Fluid  Pressure,  Distribution  of,  Com- 
pared with  Distribution  of 
Potential  along  Conductor, 
1(57 

Foot  Pounds  per  Second,  Value  of 
Watt  in,  326 

Pounds,  Value  of  Board  of  Trade 

Unit,  Joule,  and  Erg  in,  317, 
349 

Force  between  Coils  of  Clock  Joule- 
meter  Compared  with  Grav- 
ity, 336 

between  Conductor  and  Magnet, 

Action  of,  3,  129 

Controlling.  (See  Controlling 

Force.) 

Deflecting.  (See  Deflecting 

Force.) 


Force  of  Detachment  in  Magnetic 
Experiments  Affected  by 
Character  of  Surfaces,  66 

Electromotive.    (See  E.M.P.) 

Exerted  and  Position  of  Coil  in 

Weston  Milammeter,  147 

Exerted  by  Magnets,  63 

Exerted  on  Electric  Conductor 

by  Magnet,  Employment  of, 
130 

Gauss's  Absolute  Unit  of,  571 

Lines  of.    (See  Lines  of  Force.) 

in  Magnifying  Spring  Ammeter, 

Variation  of,  with  Posi- 
tions of  Iron  Core  and  Coil, 
137 

None  Inside  Closed  Conductor 

Due  to  Exterior  Electro- 
static Action,  196 

Produced  in  Closed  Hollow  Con- 
ductor by  Current  Flowing 
along,  197 

Resultant,  of  Two  Forces, 

Method  of  Obtaining,  81 

Forces  in  Galvanometer,  Method  of 
Compounding,  80 

Foster's  Method  of  Subdividing  Wire 
into  Lengths  having  Equal 
Resistances,  513 

Foucault  Currents,  Meaning  of,  147 

Fuses,  Definition  of,  182 


Galvanic  Cells.    (See  Cells.) 

Galvanometer,  Bridge,  Meaning  of 
Deflection  on,  253 

Calibrating,  Absolutely  or  Rela- 
tively, Experiment  for,  25, 
46 

Calibrating,  by  Comparison  with 

Tangent  Galvanometer,  108 

Calibrating,  by  Comparison  -with 

Voltameter,  46 

Calibrating,  by  Using  Known 

Resistances  and  Cell  of  Con- 
stant E.M.F.,  521 

Calibrating,  by  Using  Known 

Resistances  and  Constant 
P.D.,  287 

Calibrating,  by  Using  Known 

Resistances,  Other  Methods 
of,  521 

Calibrating,  on  Sine  Principle 

by  Altering  Direction  of 
Controlling  Force,  123 

Calibrating,  on  Sine  Principle 

by  Altering  Direction  of 
Deflecting  Force,  119 
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Galvanometer,  Calibrating,  on  Sine 
Principle,  Necessity  for  Cur- 
rent Remaining  Constant 
while,  124 

Calibrating,  on  Sine  Principle 

when  Needle  Pivoted  or 
Suspended,  120-123 

— -  Calibration  of,  Absolute  and 
Relative,  Meaning  of,  46 

Calibration  Curve  of,  52 

Compounding  Forces  in,  80 

Construction  of,  having  Angu- 
lar Deflection  Directly  Pro- 
portional to  Current,  124 

Controlling  Field  on  Needle 

having  Very  Small  Deflec- 
tions, 12G 

Controlling  and  Deflecting 

Fields  on  Needle,  When 
Uniform,  80,  81,  126 

Controlling  and  Deflecting 

Forces  on  Needle  of,  70,  81 , 
102,  111 

d'Arsonval,  Modifications  of, 

144-151 

d'Arsonval,  Principle  of,  130 

Definition  of,  Note,  43 

Deflecting  Force  on  Needle, 

Directly  Proportional  to 
Current,  70,  137,  147 

Deflecting  Force  on  Needle, 

When  Proportional  to  Sine 
of  Angle  between  Needle 
and  Controlling  Force,  112 

Deflection  of  Needle  of,  and 

Current,  Connection  between, 
45,  84, 112,  124,  127 

Deflection  of  Needle,  and  Cur- 
rent, Methods  of  Producing 
Direct  Proportionality  Be- 
tween, 124 

Differential,  238 

Differential,  Conditions  for  No 

Deflection  when  One  Coil  is 
Shunted,  312 

Differential,  Obtaining  Equality 

of  Magnetic  Effects,  and 
Equality  of  Resistance  of 
Wire  of  Coils,  240 

Differential,  Use  of  Shunts  with, 

311 

• Direct  Reading,  Definition  of,127 

High  Resistance,  Why  Used  for 

P.D.  Measurements,  178 

Law  of,  44,  69 

Mather  and  Walmsley  Propor- 
tional, 125 

Moving  Coil,  129.  (See  also 

Ammeter,  Moving  Coil.) 

Needle,  Conditions  of  Equi- 
librium of,  82,  111 


Galvanometer  Needle  and  Deflecting 
Force,  Methods  of  Keeping 
Angle  between  Constant,  113 

Needle,   Why  Given    Deflection 

of,  Occurs  for  Given  Current, 
69 

Needle,  Pivot,  and  Fibre  Sus- 
pensions of,  110 

P.Ds.  Measured  with,  176 

for    P.D.    Measurements,    Best 

Form  of,  178 

Proportional,     of    Mather    and 

Walmsley,  125 

Proportional,  Types  of,  124,  147 

and  Resistance,  Measuring  P.Ds. 

with,  176 

and      Resistances,      Comparing 

E.M.Fs.  of  Cells   with,  503- 
505 

Resistances  Compared  with,  177 

Resultant     Force     Acting     on 

Needle  of,  81 

Scale  Divided  into  Degrees,  Dis- 
advantages of,  58 

Scale  Giving  Relative  Strengths 

of  Currents,  Construction  of, 
59 

—  Scale  Giving  Relative  Strengths 
of  Currents,  Subdividing 
Angular  Spaces  of,  60 

Sensitiveness  of,  Methods  of  In- 
creasing, 44 

Sine,  Principle    of,  and    Usual 

Method  of  Constructing,  118, 
119 

Sine,  Use  of.    (See  Galvanometer, 

Calibrating  on  Sine  Principle.) 

Suspensions,    Preparation     and 

Use  of  Silk  for,  566 

Tangent,  83 

Tangent,    Axis    of    Needle   and 

Plane   of  Coil    of,   Test    for 
Parallelism  between,  86 

Tangent,  Calibrating  any  Gal- 
vanometer by  Comparison 
with,  108 

Tangent,  Calibration  Curve  of, 

84 

Tangent,  Coil  of,  Adjusting,  85 

Tangent,   Coil    Giving    Greatest 

Sensibility,  100 

Tangent,  Coil  of,  Why  Circular, 

107 

Tangent,  Coil  of,  Why  I^rge,  !>'.» 

Tangent,     Constant      for      A.I>. 

1891-1900,  104 

Tangent,       Total       Control  ling 

Force  on  Needle,  104 

Tangent,  Deflection  in  Amperes 

when     Controlled    only    by 
Earth's  Magnetism,  103 
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Galvanometer,  Tangent,  Deflection 
Best  Used  with,  90 

Tangent,  Deflection  and  Current 

Connection  between,  S3 

Tangent,  Detailed  Description 

of,  49 

Tangent,  Disadvantages  of,  108 

Tangent,  with  Needle  Strongly 

Magnetised,  Advantages  of, 
91 

Tangent,  Scale  for,  87 

Tangent,  Sensibility  of,  Experi- 
ment Showing  Law  and  Vari- 
ation, 100 

Tangent,  Sensibility  of,  Inde- 
pendent of  Length  and 
Strength  of  Needle,  91 

Tangent,  Sensibility  of,  In- 
versely Proportional  to  Dia- 
meter of  Coil,  98 

Tangent,  Sensibility  of,  Method 

of  Increasing,  91,  98 

Tangent,  Sensibility  Propor- 
tional to  Number  of  Con- 
volutions of  Wire,  98 

Tangent,  Sensibility  of,  Re- 
strictions in  Increasing,  98 

Tangent,  Sensibility  of,  Varies 

with  Strength  of  Controlling 
Field,  102 

Galvanometers  and  Ammeters,  How 
Straight  Line  Law  Obtain- 
able in,  125,  132,  137,  147 

Joint  Relative  Calibration  of, 

238 

of  Invariable  Sensibility,  127 

Proportional,  124 

and  Voltameters,  Relative  Ad- 
vantages of,  42 

Galvanosccpe,  Definition  of,  Note,  43 

— —  Deflection  of,  Not  Proportional 
to  Current  Strength,  22 

Description  of,  10 

and  Resistances,  Comparing 

E.M.Fs.  of  Cells  with,  502-510 

Gas,  Current  of,  Measuring  Distri- 
bution of  Pressure  in ,  1 58 

- —  Pressure  Compared  with  Elec- 
tric Potential,  201,  206-209, 
231 

Pressure,  Variation  of,  with 

Mass,  Temperature,  and 
Volume,  204-208 

Transmission  of  Energy  by,  350 

Weights  of,  and  Charges  of 

Electricity,  212 

Volume  of,  Liberated  per  Second 

per  Ampere,  in  Sulphuric 
Acid  Voltameter,  29 

Gassner's  Dry  Cell,  458 

Gauss's  Absolute  Unit  of  Force,  571 


Generator  of  Current.    (See  Current- 
Generator.) 
German-Silver,      Composition      and 

Specific  Resistance  of,  267 
Raising  Specific  Resistance  and 

Lowering    Temperature    Co- 
efficient of,  268 
Resistance   of,    per  Centimetre 

Cube   and   per   Inch   Cube, 

259,  268,  271 
Resistance   of,   per  Foot  Grain 

and  per  Metre  Gramme,  261 
Resistance,    Percentage    Varia- 
tion of,  per  1°C.,  206,  267,  271 
Temperature  Coefficient  of  Re- 
sistance of,  267,  268 
Wire,  Use  of,  in  Resistance  Coils, 

280 
Glazebrook,  Notes  to  Specification  of 

Clark  Cell  by,  470,  592 

Ohm  Determined  by,  582 

Glow  Lamp,  Efficiency  of,  405 

Percentage    Variation  of   Light 

with  Alteration  of  Current, 

301 
Variation    of    Light    of,    with 

Current  and  Pressure,  490 
Glow  Lamps,  Arrangement  of  Circuit 

to    Give  Fixed    Amount    of 

Power    to,    with    Minimum 

Number  of  Cells,  556 
in  Parallel  with  House  Mains, 

300 
Resistance  of,  High  Compared 

with    Resistance    of    House 

Mains,  302 
Gold,    Relative    Electric    and    Heat 

Conductivities  of,  275 
— —  Resistance    of,    per    Centimetre 

Cube   and    per   Inch   Cube, 

259 
Resistance   of,  per  Foot  Grain 

and  per  Metre  Gramme,  261 
Resistance,  Percentage  Variation 

of,  per  1°C.,  266 
Gold-leaf  Electroscope,  191-196,  219- 

222 

Electroscope,  Calibration  of,  194 

Electroscope,    Construction    of, 

192 
—  Electroscope,      Divergence      of 

Leaves  and  Diameter  of  Case, 

195 
Electroscope,  Law  of,  Conditions 

Governing,  194 
Electroscope,       P.O.      between 

Leaves  and  their  Divergence, 

194 
Electroscope,   Precaution    when 

Not  in  Use,  193 
Electroscopes,  Sensibility  of,  194 
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Gold-leaf  Electroscope,  Testing  Sign 

of  Charge  and  Potential  with, 

219 

Electroscope,  When  Used,  192 

for   Electroscope,    Weight    and 

Price  of,  194 
Gold-Silver  Alloy,  Resistance  of,  per 

Centimetre    Cube,   and   per 

Inch  Cube,  259 
Alloy,   Resistance  of,  per  Foot 

Grain  and  per  Metre  Gramme, 

261 
Alloy,  Resistance  of,  Percentage 

Variation  per  1°C.,  266 
Graduating   Voltmeter   by  Potentio- 
meter Method  with  Clark's 

Cell,  516 
Graphically    Recording    Results    of 

Experiments,  50-62 
Recording  Results  of  Experiment 

for  Calibrating  Galvanometer, 

Recording    Results   of    Experi- 
ments, Value  of,  55 
Gravity     Control     Ammeter.      (Sec 
Ammeter,  Gravity  Control.) 

Daniell's  Cells,  431-433 

Deflectional  Wattmeter,  332 

Gray's  Investigations  on  Electro- 
chemical Equivalents  of 
Copper,  28 

Grove's  Cell.    (See  Cell,  Grove's.) 
Gutta-Percha,    Resistance     of,    per 
Centimetre  Cube,  268 

Variation  in  Resistance  of,  with 

Temperature.  268 


Heat  of  Combustion,  Measurement 
of,  478,  481 

and  Electric  Conductivities, 

Comparison  of,  275 

Equivalent  of  Electric  Energy, 

Measuring,  319-324 

Insulators  for,  Inferior  to  Those 

for  Electricity,  276 

Produced  by  Current,  5,  9,  314 

Produced  in  Transformation  of 

Energy,  404 

Rate  at  which  Electric  Energy 

in  Circuit  or  Cell  Converted 
into,  318,  370,  380-384 

Rate  of  Production  of,  by 

Current,  Measuring,  319-394 

Unit  of,  318 

Heating  Property  of  Current  Un- 
suitable for  Measuring  Cur- 
rent, 9,  12,  19 


Heating  Property  of  Current,  Uses 

of,  9 

Hellesen  Dry  Cell,  458 
Helmholtz,  Alteration  in  Definition 

of  Ohm  Suggested  by,  589 
Henry,  Definition  of,  591 
Hermetically  Sealed,   Definition    of, 

Note,  42 
High  Resistance  Galvanometer,  Why 

Used  for  P.D.  Measurements, 

178 
Resistance     Voltmeter,     When 

Used,  181 

Higher  Potential  of  Conductor,  Defini- 
tion of,  162 

Himstcdt,  Ohm  Determined  by,  583 
Hoffmann's    Sulphuric   Acid    Volta- 
meter, 32 
Horizontal  Component  of  the  Earth's 

Magnetic  Force,  Meaning  of, 

Note,  103 
Horse-Power,  Definition  of,  327 

Power,  Value  of  Watt  in,  327 

Power  Hours,  Value  of  Board  of 

Trade  Unit  in,  349 
Shoe  Magnets.  Lines  of  Force 

with,  74     ' 
Hydrogen,     Combination     of,    with 

Platinum  in  Smee's  Cell,  4-23, 

482 
Deposition  of,  on  Copper  Plate 

of  Cell,  Effect  of,  420,  462 
Direction  of   Movement   of,  in 

Cells,  423 
How    to    Prevent    Combination 

of,  with    Negative   Plate   in 

Cell,  423 
Liberated      per      Second      per 

Ampere    in  Sulphuric    Acid 

Voltameter,  33 
Liberation  of,  in  Simple  Voltaic 

Element,  418,  420 
and     Oxygen,    Proportions    of, 

Liberated  in  Sulphuric  Acid 

Voltameter,  32 


Ion,  Definition  of,  33 

Independence  of  Currents  in  Parallel 

Circuits,  525 

Induction,  Electric,  Definition  of,  218 
Inertia,   Moment  of,    Determination 

of,  Note,  79 
Instruments  for  Measuring,  Methods 

of  Increasing  Indications  of, 

43 
Insulating    Stand,     Advantages     of 

Special  Form  of,  217 
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Insulating  Stand,  Description  of,  216 
Insulator,  Electric,   Meaning  of,   14, 

276 
International  Ampere,  Definition  of, 

590 

Ohm,  Definition  of,  173,  591 

Ohm  in    Terms  of  Legal  Ohm 

and  B.A.  Unit,  174 

Volt,  Definition  of,  174,  590 

Volt    in    Terms    of   Legal    and 

B.A.  Volts,  175 

Interpolation,  Definition  of.  55 
Invariable  Sensibility,  Galvanometers 

of,  127 
Iron  Filings  for  Magnetic    Lines  of 

Force  Diagrams,  Preparation 

of,  565 
Filings,  Mapping  Out  Lines  of 

Force  with,  71-75,  77 
Magnetised    by    Current,    3,    5, 

Relative  Electric  and  Heat 

Conductivities  of,  275 

Resistance  of,  per  Centimetre 

Cube  and  per  Inch  Cube, 
259,  271 

Resistance  of,  per  Foot  Grain 

and  per  Metre  Gramme,  261 

Resistance,  Percentage  Varia- 
tion of,  perl°C.,  266,  271 

Wire,  Disadvantages  of,  for  Re- 
sistances, 269 


Jacobi's  Proposed  Standard  of  Re- 
sistance, 569 

"  Ja  Ja  "  Wire,  Use  of,  Note,  312 

Wire,  Resistance  of,  per  Centi- 
metre Cube,  271  ;  Note,  312 

Wire,  Resistance,  Percentage 

Temperature  Variation  of, 
271 ;  Note,  312 

Jenkin,  Fleeming,  and  Clerk  Max- 
well's Article  on  Elementary 
Relations  between  Electrical 
Measurements,  Reference  to, 
574 

Jones,  Viriamu,  Determination  of 
Length  of  Mercury  Column 
Representing  One  Ohm  by, 
586,  599 

Joule,  Electrical  Determination  of 
Mechanical  Equivalent  of 
Heat  by.  576 

Determination  of  Ohm  by,  582 

Definition  of,  317,  591 

Value  of,  in  Foot  Pounds  and  in 

Ergs,  317 


Joules,  Value  of  Board  of  Trade  Unit 
in,  349 

per  Second,  Value  of  Watt  in, 

326 

Joulemeter,  Definition  of,  334 

Arori  Type  of  Gaining  Clock 

Form,  338 

Ayrton  and  Perry's  Original 

Gaining  Clock  Form,  334-338 

Clock,  Force  Between  Coils  of, 

Small  Compared  with  Force 
of  Gravity,  336 

Clock,  Gain  or  Loss  of,  in  Fixed 

Time  Proportional  to  Energy 
Given  to  Circuit,  336 

Clock,  Limit  to  Proportionality 

between  Gain  of,  and  Energy 
Supplied,  338 

Clock,  Method  of  Joining  Up 

and  Using,  388 

Clock,  Permanent  Magnet  Pen- 
dulum Form,  338 

Clock,  Type  Used  when  Energy 

Supplied  at  Constant  Rate, 
338 

Clock,  Varying  Rate  of  Vibra- 
tion of  Pendulum,  336 

Elihu  Thomson.  (See  Joule- 
meter,  Thomson.) 

Motor,  Ayrton  and  Perry's,  Prin- 
ciple of,  341,  347 

Motor,  Armature  of,  342 

Motor,  Commutator  Used  in,  342 

Motor,  "Continuous  Motion  in, 

How  Obtained,  342 

Motor,  Field  of,  348 

Motor,  Method  of  Keeping 

Torque  Constant  between 
Field  and  Armature  in,  342 

Motor,  Type  Used  when  En- 
ergy Supplied  at  Constant 
Pressure,  348 

Thomson,  Motor  Form,  341-349 

Thomson,  Armature  of,  343 

Thomson,  Armature  Rotation 

Proportional  to  Energy  Sup- 
plied, 347 

Thomson,  Directions  of  Currents 

in  Armature  of,  344 

Thomson,  Driving  Torque  Pro- 
portional to  Product  of 
Strengths  of  Fields,  346 

Thomson,  Field  Coils  of,  345 

Thomson,  Fields  Produced  by 

Armature  and  Field  Coils  of, 
345 

Thomson,  Fields  Proportional  to 

Currents  Producing  them, 
346 

Thomson,  How  to  Overcome 

Friction  in,  348 
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Joulemeter,  Thomson,  Retarding 
Torque  in,  How  Produced, 
346 

- —  Thomson,Retarding  and  Driving 
Torques,  Conditions  Govern- 
ing Equality  between,  347 

Joulemeters,  Motor  and  Clock  Forms 
of,  Compared,  348 


Kahle's  Modification  of  Rayleigh's  H 
Form  of  Clark's  Cell,  472 

Kathode,  Definition  of,  24,  33 

for  Silver  Voltameter,  Descrip- 
tion of,  23,  26 

Weights  of  Metals  Deposited 

on,  27 

Kelvin's  Addition  to  Weber's  Abso- 
lute System  of  Units,  571 

Deflectional  Wattmeter,  332 

Method  of  Calculating  E.M.F.  of 

Cell  from  Chemical  Action, 
477-479,  575 

Moving  Coil  Galvanometer, 

Principle  of,  130 

Key  for  Making  Two  Sets  of  Connec- 
tions, 236 

Method  of  Cleaning  Contact 

Points  of,  287 

Sliding,  Use  of  Platinum  Irid- 

ium  Wire  with,  510 

Used  with  Wheatstone's  Bridge, 

250 

Used  with  Shunt  to  Wheat- 
stone's  Bridge,  252 

Kilowatt,  Value  of,  in  Horse-Power, 
327 

Kimball  and  Rowland,  Ohm  Deter- 
mined by,  583 

Rowland,  and  Duncan,  Ohm 

Determined  by,  583 

KirchhofTs  Absolute  Measurement 
of  Resistance,  571 

Kohlrausch,  Ohm  Determined  by,  577, 
582 


Lalands-Chaperon  Cell,  4(32 
Lamps,  Glow.    (See  Glow  Lamps.) 
Latimer  Clark,  Cell  Devised  by.    (See 

Cell,  Clark's.) 
Clark  Proposes  Names  Ohmad 

and  Volt,  573,  576 
Lead  Foil  for  Electroscope  Leaves, 

When  used,  106 


Lead  Foil,  Relative  Electric  and 
Heat  Conductivities  of,  275 

Resistance    of,   per    Centimetre 

Cube  and  per  Inch  Cube,  259 

Resistance  of,   per   Foot  Grain 

and  per  Metre  Gramme,  261 

Resistance,    Percentage    Varia- 

tion of,  for  1°C.,  266 

Leaves  of  Electroscope,  193-196 

Leclanche  Cell.  (See  Cell,  Leclanche.) 

Legal  Ohm,  Definition  of,  583 

Ohm  of  1884,  Error  in,  584 ;  Note, 

600 

Ohm,  Value  of,  in  Terms  of 

B.A.  Unit  and  International 
Ohm,  174 

Volt,  Definition  of,  583 

Volt,  Value  of,  in  Terms  of  B.A. 

Volt  and  International  Volt, 
175 

Legislation  of  Electrical  Standards, 
592 

Lenz,  Ohm  Determined  by,  5.S2 

Proposed  Unit  of  Resistance,  568, 

569 

Lighting,  Electric,  Accumulators 
Used  in,  527 

Electric,  Comparative  Cost  of 

Using  Dynamo  and  Cells  for, 
482-491 

Electric,  Conditions  for  Com- 
mercial Use  of  Galvanic  Cells 
for,  491 

Electric,  of  House,  300 

Electric,  Legal  Maximum  Varia- 
tion of  Pressure  between 
House  Mains,  358,  490 

Electric,  Method  of  Making  Cur- 
rent in  Each  Lamp  Inde- 
pendent of  Current  in  all 
Others,  302 

Electric,  P.D.  between  House 

Mains,  300 

Electric,  Resistance  of  House 

Wires  Compared  with  Re- 
sistance of  Lamp  Filaments, 
302 

Lines  of  Force  Diagrams,  Preparation 
of  Filings  for,  565 

of  Force  Diagrams,  Preparation 

of  Waxed  Paper  fur,  r,w 

of  Force  Mapped  out  by  Using 

Compass  Needle,  76 

of  Force  Mapped  out  by  Using 

Iron  Filings,  71-75,  77 

of  Force,  Methods  of  Mapping 

Out  Compared,  77 

of  Force,  Precautions  in  Mapping 

Out,  77 

of  Force  with  Bar  Magnets,  72, 
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Lines  of  Force  with    Circular  Coil 

Carrying  Current,  71 
of  Force  with  Horse-shoe  Mag- 
nets, 74,  75 

Liquid     Decomposed     by     Electric 
Current,  4, 10.    (See  also  Cell, 
Chemical  Action  in.) 
Load  Diagram,  Example  of,  327 
Local  Action,  Definition  of,  429 

Action,  How  Caused  in  Cell,  429 

Action,  Method  of  Preventing  in 

Cell,  429 

Action,  None  in  Edison- Lalande 

Cell,  464,  465 

Currents,  Meaning  of,  429 

Lorenz,    Ohm   Determined  by,   577, 

582,  583 
Loss  of  Head,  Definition  of,  153 

of  Head  and  Rate  of  Flow  of 

Water,    Curve     Connecting, 
168 

Lower  Potential,  Definition  of,  162 
Low  Resistance  Ammeter,  Use  of,  as 
Voltmeter,  181 


Magnet  and  Conductor  with  Cut  rent 
Passing,  Force  Exerted  be- 
tween, 3,  129 

Deflection  of,  by  Electric  Cur- 
rent, 3,  5,  34,  69 

Forces  Exerted  on  Compass 

Needle  by  Different  Parts  of, 
67 

Forces  Exerted  on  Soft  Iron  by 

Different  Parts  of,  67 

Motions  of  Rotation  and  Trans- 
lation Produced  by,  138 

North-seeking  End  of,  Defini- 
tion of,  Note,  34 

• Pendulum,  Permanent,  of  Clock 

Joulemeter,  338 

Permanent,  Measuring  Distribu- 
tion of  Magnetism  in,  63 

Magnets,  Force  Exerted  between,  63 

Lines  of  Force  due  to,  72 

Stationary,  in  Ammeters,  Re- 
sults of  Weakening,  135,  150, 
151 

Magnetic  Axis,  Definition  of,  67 

Control,  How  Produced  in 

Moving  Coil  Ammeter,  150 

Control,  Moving  Coil  Ammeter 

with,  150 

Experiments,  Precautions  Neces- 
sary when  Making,  66 

Field  at  Centre  of  Coil,  Descrip- 
tion of,  80 


Magnetic  Field  of  Earth, '  Action  of, 
67,  77 

Field  of  Earth,  Arrangement  for 

Neutralising,  78 

Field  of  Earth,  Disturbing 

Action  of,  on  Another  Mag- 
netic Field,  77 

Field,  Mapping  Out  Lines  of 

Force  in,  71-77,  565 

Field,  Relative  Strengths  of 

Different  Parts  of,  79 

Field,  Strength  of.  Definition  of, 

79 

Field,  Strength  of,  Measuring, 

79 

Field,  Uniform,  Definition  of,  70 

Field,  Uniform,  Method  of  Neu- 
tralising, 78 

Field  of  Weston  Ammeters  and 

Voltmeters,  147 

Fields  of  Thomson  Joulemeter, 

and  Driving  Torque,  346 

Fields  of  Thomson  Joulemeter 

Proportional  to  Currents 
Producing  them,  346 

Fields  Produced  by  Armature 

and  Field  of  Thomson  Joule- 
meter,  345 

Lines  of  Force  Diagrams,  Pre- 
paration of  Filings  and  Waxed 
Paper  for,  565 

Lines  of  Force,  Mapping  Out, 

71-77,  565 

Needle,  Why  Tends  to  Point 

North  and  South,  67 

Polarity,  and  Direction  of  Cur- 
rent, Connection  between, 
35,  36,  69 

Poles,  Definition  of,  67 

Poles,  Similar  and  Dissimilar, 

Action  between,  69 

Pole,  Unit,  Definition  of,  571 

Property  of  Current,  3,  5,  10 

Property  of  Current,  Uses  of,  9 

Magnetism,  Measuring  Distribution 
of,  in  Permanent  Magnet,  63 

Variation  in  Concentration  of, 

with  Shape  of  Magnet,  67 

Magnetometer,  Principle  and  Use  of, 
107, 108 

Magnifying  Spring  Ammeter.  (See 
Ammeter,  Magnifying 
Spring.) 

Spring,  Description  of,  64 

—  Spring,  Law  of,  65 

—  Spring,  Used  in  Ammeter,  136 
Mains,  House,  Glow  Lamps  in  Paral- 
lel with,  300 

House,  Maximum  Legal  Varia- 
tion of  Pressure  between, 
358,  490 
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Mains,  House,  P.D.  between,  301,  526 

House,  Resistance  of,  Compared 

with  Resistance  of  Lamps, 
302 

House  and  Street,  Impossibility 

of  Keeping  Pressure  Con- 
stant at  Every  Junction  of, 
526 

Method  of  Keeping  Pressure 

between,  Constant  at  Certain 
Points,  526 

Manganese  Alloys,  Composition  of, 
268 

Dioxide  Consumed  in  Leclanche 

Cell  per  Board  of  Trade  Unit 
Produced,  Weight  and  Cost 
of,  487 

Dioxide  Consumed  in  Leclanch6 

Cell  per  Hour  per  3,000  Am- 
peres, 484 

Manganin,  Composition  of,  260 

Resistance  of,  per  Centimetre 

Cube,  and  per  Inch  Cube, 
260,  269,  271 

Resistance  of,  per  Foot  Grain 

and  per  Metre  Gramme,  261 

Resistance,  Percentage  Variation 

of,  with  Temperature,  269, 
271 

Specific  Resistance  of,  Compared 

with  that  of  Copper,  269 

Used  for  Resistance  Coils,  269, 

280,  519 

Mapping  out  Lines  of  Force,  71-77, 
565 

Mascart  Criticises  Methods  Used  for 
Determining  Ohm,  585 

De  Nerville  and  Benoit,  Ohm 

Determined  by,  582 

Mather  and  Ayrton.  (See  Ayrton  and 
Mather.) 

and  Walmsley's  Proportional 

Galvanometer,  125 

Matthiessen,  Law  Connecting  Varia- 
tion of  Resistance  of  Metals 
with  Temperature,  264 

Papers  on  Temperature  Varia- 
tion of  Resistance  of  Metals 
and  Alloys  by,  Reference  to. 
574 

Maximum  Current  for  Cell,  Safety 
Limitation  of,  559 

Current  Through  Fixed  External 

Resistance,  Arranging  Given 
Number  of  Cells  to  Produce, 
545 

Maxwell,  Clerk,  and  Fleeming  Jen- 
kin's  Article  on  Elementary 
Relations  between  Electrical 
Measurements,  Reference  to, 
674 


Maxwell's  Moving  Coil  Galvanometer, 
Principle  of,  130 

Measure  of  Current  Strength,  Choice 
of,  9-23 

Measurements,  Electrical,  Com- 
mittees to  Consider  Units  for, 
572,  578,  579,  581.  584,  587, 
588,  590,  592 

Electrical,  History  of  Units  for, 

568-600.  (See  also  Ampere, 
Ohm,  and  Volt.) 

Measuring  Back  E.M.F.  in  Circuit 
371 

Current,  Board  of  Trade  De- 
scription of  Method  of,  25, 
595 

Current,  Principle  of  Board  of 

Trade  Standards  for,  588 

Current  with  Ammeter,  127 

(See  also  Ammeter.) 

Current  with  Calorimeter,  12 

Current  with  Clark's  Cell  and 

Known  Resistance,  519 

Current  with  Electromagnet,  10 

Current  with  Galvanometer,  43. 

(See  also  Galvanometer.) 

Current  with  Galvanoscope,  10, 

Current  with  Copper  Voltameter, 

10,  26 
Current  with  Silver  Voltameter, 

23-29,  595 
Current    with    Sulphuric    Acid 

Voltameter,  10,  38,  39 
Current  with    Voltameters  and 

Galvanometers,  Relative  Ad- 
vantages of,  42 
Current    with     Voltmeter     and 

Fixed  Resistance,  189 
Currents  Passing  Through  Two 

Conductors  in  Parallel,  238 
Distribution  of     Magnetism    in 

Permanent  Magnet,  63 
Distribution    of   Gas    Pressure, 

158 
Distribution  of  Water  Pressure, 

154 

Electric  Density,  224,  225 

Electric    Energy,   313-324,  334- 

348.     (See  also  Jonlemeter.) 
Electricity  Produced  by  Rubbing 

Two  Bodies  Together,  214 
E.M.F.   of  Cell  and  of  Battery, 

362,  365,  477,  502-510 
•  E.M.F.    of     Current-Generator, 

when  Variable,  369 

E.M.F.,  Back,  in  Circuit,  371 

— -  Heat    Equivalent     of    Electric 

Energy,  319 

-Instruments,  Methods  of  In- 
creasing Indications  of,  43 
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Measuring  Quantities  of  Electricity, 
Relatively,  212 

P.D.  with  Ammeter  and  Resist- 
ance, 185 

P.D.  with  Clark's  Cell,  510,  516 

P.D.  with  Current  Voltmeter, 

179 

P.D.  Electrostatically,  102,  191 

P.D.  (See  also  Comparing 

P.'Ds.,  176.) 

P.O.,  Principle  of  Board  of 

Trade  Standards  for,  588 

Power,  325,  328.  (See  also  Watt- 
meter.) 

Resistance  with  Ammeter  and 

Voltmeter,  185,  232 

Resistance  with  Ohmmeter,  233 

Resistance.  (See  also  Comparing 

Resistances. ) 

Resistance  of  Cell,  Choice  of 

Method  for,  498 

Resistance  of  Cell  When  Not 

Very  Small,  493 

Resistance  of  Cell,  When  Very 

Small,  366,  492 

Strengths  of  Different  Parts  of 

Magnetic  Field,  79 

Variation  of  Resistance  with 

Temperature,  2»i2 

Mechanical  Energy,  Conversion  of 
Energy  of  Current  into,  314 

Meidinger  Cell,  431 

Mercurous  Sulphate  for  Clark's  Cell, 
Preparation  of,  468,  470,  597 

Sulphate  and  Zinc  Sulphate 

Paste  for  Clark's  Cell,  Pre- 
paration of,  468,  472,  598 

Mercury,  Effect  of  Adding  Zinc,  430 

for  Clark's  Cell,  Preparation  of, 

467,  597 

and  Copper,  Relative  Resist- 
ances of,  269 

Ohm,  Mass  and  Length  of 

Column,  173,  589,  593 

Ohm,  Section  and  Length  of 

Column,  580,  586,  587,  600 

Resistance  of,  per  Centimetre 

Cube  and  per  Inch  Cube, 
260 

Resistance  of,  per  Foot  Grain 

and  per  Metre  Gramme,  261 

Resistance,  Percentage  Varia- 
tion of,  per  1°C.,  266 

Resistance  of,  at  Any  Tempera- 
ture, Formula  Giving,  269 

Siemens  Unit,  Section  and 

Length  of  Column,  570 

Switch-board  for  Batteries,  170, 

539 

Switch-board,  Method  of  Avoid- 
ing Possibility  of  Short- 


Circuiting  Cell  when  Using, 
540 

Mercury  Switch-board,  Positions  of 
Bridge  Pieces  of,  Giving  Dif- 
ferent Arrangements  of  Cells, 
541 

Troughs  Used  as  Adjustable  Re- 
sistance for  Large  Currents, 
270 

Metallic  Case,  Advantage  of  En- 
closing Electrical  Apparatus 
in,  197,  200 

Metals,  Law  Connecting  Variation  of 
Resistance  of,  with  Temper- 
ature, 264 

Resistances  of,  per  Centimetre 

Cube   and    per   Inch  Cube, 
257,  259,  271 

Resistances  of,   per  Foot  Grain 

and  per  Metre  Gramme,  261 

Resistances      of,       Percentage 

Variation  per  1°C.,  266 

Resistances    of,    Relatively    to 

Aluminium  for  Same  Length 
and  Weight,  261 

Resistances    of,     Relatively    to 

Silver  for  Same  Length  and 
Section,  259 

Temperature      Coefficients      of 

Resistances  of,  264-267 

Meter,  Aron  Supply,  338 

Aron        Supply,        Differential 

Gearing  of,  340 

Energy.  (See  Joulemeter.) 

Metre,  Length  in  Inches,  Note,  24 

Mho,  Definition  of,  274 

Microhm,  Definition  of,  257 

Milammeter,  Weston,  145 

Weston,  Clearance,  and  Light- 
ness of  Moving  Part  of,  147 

Minotto's  Cell,  433 

Moment  of  Inertia  ;  Determination  of, 
Note,  79 

of  Inertia  of  Compass  Needle, 

Method  of  Increasing,  79 

of  Inertia  Small  in  Permanent 

Magnet  Ammeter,  134 

Motion,  Mechanical,  against  Control- 
ling Force,  Production  of, 
by  Current,  314 

Motor,  Armature  of,  342 

Commutator  Used  in,  342 

Commercial  Efficiency  of,  Defini- 
tion of,  406 

Electrical  Efficiency  of,  Defini- 
tion of,  406 

Field  of,  342 

How  Continuous  Motion  in,  is 

obtained,  342 

Joulemeter.       (  See   Joulemeter 

Motor.) 
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Motor,  Method  of  Keeping  Torque 
Constant  between  Field  and 
Armature  in,  342 

Moving  Coil  Ammeter.  (See 
Ammeter,  Moving  Coil.) 

Coil  Voltmeter,  183 

Muirhead's  Telegraph  Battery,  434 

Multiplying  Power  of  Shunt,  Defini- 
tion of,  290 


N 

Nalder  Gravity  Control  Ammeter. 
141 

Needle  of  Compass.  (See  Compass 
Needle.) 

of  Electrical  Measuring  Instru- 
ment, Definition  of,  Note,  164 

of  Galvanometer.  (See  Galvano- 
meter Needle.) 

Magnetic,  Why  Tends  to  Point 

North  and  South,  67 

Needles  Used  in  Various  Forms  of 
Ammeters,  134, 140,  141,  142 

Negative  Charge,  What  is  Meant  by, 
160,  218 

Electrification,  What  is  Meant 

by,  161 

Plate  of  Cells.  (See  Plate,  Nega- 
tive, of  Cells.) 

Potential,  Definition  of,  162 

Nerville,  De,  Mascart,  and  Benoit, 
Ohm  Determined  by,  582 

Neutralising  Uniform  Magnetic  Field, 
Arrangement  for,  78 

Nickel,  Resistance  of,  per  Centimetre 
Cube  and  per  Inch  Cube,  259 

Resistance  of,  per  Foot  Grain 

and  per  Metre  Gramme,  261 

Temperature  Coefficient  of  Re- 
sistance of,  266 

Nitric  Acid  Consumed  in  Grove's  Cell 
per  Board  of  Trade  Unit  Pro- 
duced. Weight  and  Cost  of, 
486 

Acid  Consumed  in  Grove's  Cell 

per  Hour  per  1,000  Amperes, 
440,  441,  484 

Acid,  Heat  Absorbed  in  Decom- 
position of,  481 

Peroxide  Formed  per  Hour  per 

Ampere  in  Grove's  Cell,  440, 
441 

Peroxide,  Heat  of  Formation  of, 

481 

Non-inductive  Resistance  Coil  for 
Large  Currents,  Ayrton  and 
Mather's,  282 

North-Seeking  End  of  Magnet,  Defini- 
tion of,  Note,  34 


Obach  Dry  Cell,  460 
Ohm,  Board  of  Trade,  International, 
and    Legal,    Definitions    of, 
173,   578,  583,  587,  589,  591, 
593 

Legal,    and  International,    and 

B.A.     Unit,    Values     of,    in 
Terms  of  Each  Other,  174 

B.A.  Unit  Less  than,  570 

Board  of  Trade  Standard,  594, 

595 

Determined  by  British  Associa- 
tion Committee,  581 

Determined  by  Dorn,  582 

Determined  by  Fletcher,  583 

Determined   by  Hinstedt.    583, 

585 

Determined  by  Glazebrook,  582 

Determined  by  Jones,  586,  600 

Determined  by  Joule,  581 

Determined  by  Kohlrausch,  577, 

582 

Determined  by  Lenz,  5S2 

Determined  by  Lorenz,  577,  582, 

583,  585 

Determined    by    Mascart,     De 

Nerville,  and  Benoit,  582 
Determined    by    Rayleigh,  577, 

581,  585 

Determined   by    Rayleigh    and 

Schuster,  581,  585 
Determined    by    Rayleigh    and 

Mrs.  Sidgwick,  582 

Determined  by  Roiti,  582,  585 

Determined  by   Rowland,    577, 

582,  585 

Determined  by  Rowland  and 

Kimball,  583 

Determined  by  Rowland,  Kim- 
ball,  and  Duncan,  583 

Determined  by  Weber,  577,  581, 

582,  585 

Determined  by  Wiedemanu,  582 

Determined  by  Wild,  582 

•  Legal  of  1884,  Error  in,  Note,  600 

Mercury,  Mass  and  Length  of 

Column,  173,  589,  593 

Mercury,  Section  and  Length  of 

Column,  580,  586,  587,  600 

Methods  of  Ascertaining  Equi- 
valent Mercury  Column,  580, 
581,  585 

in  Terms  of  Absolute  Electro- 
magnetic, or  C.G.S.  Units, 
573,  578,  587,  591,  593 

Ohm's  Law,  172 

Law,  Apparatus  for  Testing,  170 

Ohmad,  Proposed  Use  of  Name,  573 

Ohmmeter,  233 
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Orclinates,  Definition  of,  57 

Outside  Circuit.  (See  Circuit,  Ex- 
ternal.) 

Oxide  of  Copper.    (See  Copper  Oxide.) 

Oxygen  Deposited  on  Copper  Plate  of 
Cell,  Effect  of,  462 

and  Hydrogen,  Proportions  of, 

Evolved  in  Sulphuric  Acid 
Voltameter,  32 

Liberated  per  Second  per  Ampere 

in  Sulphuric  Acid  Volta- 
meter, 33 


Parallax,  Definition  of,  50 

How  Avoided  in  Measuring- 
Instruments,  50,  331 

Parallel,  Apparatus  in,  Definition  of, 
20 

and  Parallel-Series,  Cells  Joined 

in,  536 

and  Parallel-Series,  Joining  Cells 

in,  by  Means  of  Mercury 
Switchboard,  541 

Circuits,  Independence  of  Cur- 
rents in,  525 

Conductors,  Ratio  of  Currents 

in,  to  Current  in  Main,  295 

Resistance,  291 

P.O.,  Absolute  Electromagnetic  Unit 
of,  Definition  of,  479,  575 

between  Conductors  Enclosing, 

One  Another,  218 

between  Conductors,  How 

Shown,  161 

between  House  Mains,  301,  526 

between  Terminals  of  Battery, 

E.M.F.,  Resistance  and  Cur- 
rent, 364,  380 

between  Terminals  of  Battery 

when  Maximum  Power  Given 
to  External  Circuit,  389,  548 

between  Terminals  of  Edison  - 

Lalande  Battery,  Variation 
of,  with  Current  Passing,  464 

between  Terminals  of  Cell,  Con- 
stant with  Low  Internal  Re- 
sistance, 522 

between  Terminals  of  Clark's 

Cell,  and  Unit  of  Pressure, 
589,  594 

between  Terminals  of  Hellesen 

Cell,  Fall  of,  with  Current 
Passing,  459 

between  Terminals  of  Obach 

Cell,  Fall  of,  with  Current 
Passing,  462 

— —  between  Terminals  of  Circuit  and 


Current,  Power  Given  to  Cir- 
cuit in  Terms  of,  326,  370 

P.O.  between  Two  Points  of  Uniform 
Conductor  ConveyingCurrent 
Proportional  to  Distance,  156 

between  Two  Points  of  Con- 
ductor, Method  of  Maintain- 
ing Constant,  158,  510 

Compared  with  Difference  of 

Fluid  Pressure,  154 

Compared  with  Difference  of  Gas 

Pressure  158 

Constant,  287,  522 

and  Current,  Given,  Minimum 

Number  of  Cells  to  Produce, 
549 

Definition  of,  154,  183 

Measuring  with  Ammeter  and 

Resistance,  185 

Measuring  with  Clark's  Cell,  510, 

510 

Measuring  with  Current  Volt- 
meter, 179 

Measuring  Electrostatically,  162, 

191 

Power,  and  Current,  Relation 

between,  327 

Ratio  of,  to  Current,  Constant 

for  Given  Conductor,  170 

Ratio  of,  to  Current,  for  Given 

Conductor  Experimentally 
Determined,  171 

Ratio  of,  to  Current,  and  Ratio 

of  Difference  of  Pressure  to 
Stream  of  Fluid,  167,  169 

to  Send  Current  round  Ei.tire 

Circuit  Constant  for  Given 
Battery,  361 

Where  Set  up  in  Cell,  374 

Units,  Definitions  of,  174,  175, 

479,  575,  578,  583,  588,  589,  593 

Units  in  Terms  of  Each  Other, 

175,  479 

P.Ds.,  Comparing  by  Current  Method, 
176 

Pendulum  of  Clock  Joulemeter,  Vary- 
ing Rate  of  Vibration  of,  336 

Coil  of  Clock  Joulemeter,  334 

Permanent  Magnet,  of  Clock 

Joulemeter,  338 

Rate  of  Vibration  of,  336 

Permanent  Magnet  Ammeter.  (See 
Ammeter,  Permanent  Mag. 
net) 

Magnet,  Distribution  of  Mag. 

netism  in,  63 

Perry  and  Ayrton.  (See  Ayrton  and 
Perry.) 

Phosphor  Bronze,  Resistance  of,  per 
Centimetre  Cube  and  per 
Inch  Cube,  259,  271 
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Phosphor  Bronze,  Resistance  of,  per 
Foot  Grain,  and  per  Metre 
Gramme,  262 

Bronze,  Resistance,  Percentage 

Variation  of,  per  1°C.,  271 

Pivot  and  Fibre  Suspensions  of  Gal- 
vanometer Needle,  110 

Plante",  Invention  of  Accumulators 
by,  527 

Plate,  Carbon,  of  Cells,  443,  445,  450, 
452,  458,  4(50,  401 

Copper,  of  Cells,  419,  421,  431, 

433,  435 

Copper,  of  Simple  Voltaic  Ele- 
ment, Liberation  of  Hydro- 
gen at,  419 

Copper,  of  Simple  Voltaic  Ele- 
ment, Experiment  to  Show 
Back  E.M.F.  Set  Up  at, 
421 

Copper,  of  Simple  Voltaic  Ele- 
ment, Polarisation  at,  420, 422 

Copper  Oxide,  of  Cell,  462,  463 

Negative,  of  Cells,  419,  423,  431, 

433,  435,  438,  443,  445,  450, 
452,  453,  455,  460,  461,  462 

Platinum,  of  Cells,?  423,  438, 

482 

Positive,  of  Cell,  Definition  of, 

376.  (See  also  Plate,  Zinc.) 

Zinc,  of  Cells,  419,  423,  431,  433, 

435,  438,  445,  450,  454,  455, 
458,  459,  460,  461,  462,  463 

Zinc,  Effect  of  Amalgamating. 

onE.M.P.  of  Cell,  430 

Zinc,  Method  of  Amalgamating, 

429 

Plates  of  Cell,  Signs  of,  376 

of  Cells,  Variation  of  Resistance 

with  Position  of,  434 

Used  in  Muirhead's  Battery,  435 

Platinoid,  Composition  of,  268 

Resistance  of,  per  Centimetre 

Cube  and  per  Inch  Cube,  260, 
268,  271 

Resistance  of,  per  Foot  Grain 

and  per  Metre  Gramme,  261 

Resistance,  Percentage  Temper- 
ature Variation  of,  per  1°C., 
268,  271 

Used  for  Resistance  Coils,  268, 

280,  519 

Platinum,  Combination  of,  with  Hy- 
drogen in  Smee's  Cell,  482 

Plate  of  Cells,  423,  438,  482 

Relative  Electric  and  Heat  Con- 
ductivities of,  275 

—  Resistance  of,  per  Centimetre 
Cube  and  per  Inch  Cube,  259 

Resistance  of,  per  Foot  Grain 

and  per  Metre  Gramme,  261 


Platinum,    Temperature   Coefficients 

of  Resistance  of,  2(J5 
Platinum-Iridium  Wire,  Use  of,  with 

Sliding  Key,  510 
Platinum-Silver  Alloy,  Resistance  of, 

per  Centimetre  Cube  and  per 

Inch  Cube,  259 
Alloy,   Resistance  of,  per  Foot 

Grain  and  per  Metre  Gramme, 

261 
Alloy,    Resistance,    Percentage 

Variation  of,   per  1°C.,    266, 

267,  271 
Wire  Used  in  Resistance  Coils, 

280 
Plug  Key  for  Making  Two  Sets  of 

Connections,  230 
Resistance  Boxes,  Construction 

and  Use  of,  278 
of  Shunt  Box,  Construction  and 

Use  of,  296,  297 
Poggendorff's  Method  of  Comparing 

E.M.Fs.,  507 
Method  of  Comparing  E.M.Fs., 

How  to  Obtain  Accuracy  in, 

510 
Polarisation  of   Cell,   Definition    of, 

304 
Cell  Arranged  for  Experiments 

on,  422 
of  Cell,  Effect  of,  on  E.M.F.,  364, 

477 

of  Clark's  Cell,  477 

of  Edison-Lalande  Cell,  464 

of  Leclanche  Cells,  456 

of     Simple     Voltaic     Element, 

Cause  and  Effect  of,  420 
of  Simple  Voltaic  Element,  Seat 

of,    Experimentally    Shown, 

423 

Current    in    Voltaic     Element, 

422 
Polarity,  Magnetic,  and  Direction  of 

Current  Round  Magnet,  34- 

36,  69 
Pole,  Unit  Magnetic,   Definition  of, 

571 
Poles,    Magnetic,    Action    between, 

when  Similar  and  Dissimilar, 

69 

Magnetic,  Definition  of,  67 

Porous  Partition,    Absence     of,    in 

Gravity  Daniell's  Cell,   431, 

432 

Partition  of  Daniell's  Cell,  Pre- 
venting Formation  of  Copper 

in  Pores  of,  431 
Partition    of    Daniell's     Cells, 

Variation  of  Resistance  with 

Construction  of,  434 
Pot  of  Daniell's  Cell,  425 
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Porous  Pot,  Potassium   Bichromate 

Cell  with,  446 

Portable  Galvanometer,  127 
Forms  of  Wheatstone's  Bridge, 

285 
Positive     Electrification,    What     is 

Meant  by,  161 

Plate  of  Cell,  Definition  of,  376 

—  Plate  of  Cell.    (See  Plate,  Zinc, 

of  Cell.) 

Potential,  Definition  of,  162 

Terminal  of  Cell,  Definition  of, 

376 

Post  Office  Wheatstone's  Bridge,  285 
Potassium  Bichromate  Cell,  445.   (See 

«hn  Cell,  Potassium  Bichro- 
mate.) 
Bichromate    Consumed    in  Cell 

]>er  Board  of  Trade  Unit  Pro- 
duced, Weight  and  Cost  of, 

487 
Bichromate   Consumed    in  Cell 

per  Hour  per  1,000  Amperes, 

484 

Potential  in  Cell,  Method  of  Varia- 
tion of,  Uncertain,  374 
of    Conductor  Proportional    to 

Quantity  of  Electricity    on 

Conductor,  211 
- —  of  Conductor,  What  is  Meant  by 

200 

Difference.    (See  P.D.) 

Distribution    of,    in     Cell     and 

Battery,   Diagram    Showing, 

374 

Distribution  of,  in  Circuit,  Dia- 
gram Showing,  376 
Distribution  of,  in  Circuit  with 

Opposing   E.M.F.,   Diagram 

Showing,  378 
Distribution    of,   and    of   Fluid 

Pressure,  155,  167,  173 
of  Earth,  Arbitrary  Value  Given 

to,  160 
Electric,  Compared  with   Fluid 

Pressure,  154,  155,  167,  173 
Electric,    Compared    with    <!us 

Pressure,  204,  207,  209,  231 
— —  Inside  Closed  Conductor,  107 

Level,  What  is  Meant  by,  160 

Measuring,    160,    200.    (See  also 

Measuring  P.D.) 
of    Metallic    Case     Arbitrarily 

Called  Nought,  162 

Negative,  What  is  Meant  by,  162 

Negative,  How  Produced,  221 

Positive,  What  is  Meant  by,  162 

Positive,  How  Produced,  219 

Quantity,  and  Density,  Examples 

Showing  Difference  between, 

226 


Potential,  Testing  Sign  of,  219 

Variation  of,  in  Circuit  External 

to  Cell,  Conditions  Governing, 
374,  375 

Variation  of,  with  Position,  201, 

209 

Variation  of,   with  Quantity  of 

Electricity,  206,  208,  209 

Variation     of,    with     Size    and 

Shape,  204,  209 

Potentials  of  All  Parts  of  Conducting 
System,  Conditions  for  Uni- 
formity of,  166 

of  Terminals  of  Cell  Relatively 

to  Earth,  375 

Potentiometer,  Description  of,  510 
--Method  of  Comparing  E.M.Fs., 
507 

Method  of  Gradnating  Voltmeter 

with  Clark's  Cell,  516 

Method  of  Graduating  Voltmeter 

with  Clark's  Cell,  Accuracy 
of,  518 

Method  of  Testing  Accuracy  of 

Voltmeter  Scale,  510 

Method  of  Testing  Accuracy  of 

Voltmeter  Scale,  When  Used, 
513 

Subdivision    of    Wire    of,    into 

Lengths  having  Equal    Re- 
sistances, 513 

Power,  Definition  of,  325 

Constant,  Definition  of,  325 

Absorbed  in  Circuit  Exterior  to 

Generator,  370 

in  Circuit  Spent  in  Heating  Cir- 
cuit, 327 

Developed  by  Current-Gener- 
ator, 358 

Developed  by  Current-Generator 

Equal  to  Product  of  Current 
into  E.M.F.,  370 

Developed  by  Current-Genera- 
tor, Ratio  of,  to  Current,  370 

Developed  by  Battery  Propor- 
tional to  Product  of  Current 
into  Number  of  Cells  in  Scries, 
360 

Electric  Transmission  of,  Con- 
ditions for  High  Efficiency 
of,  410 

Electric  Transmission   of,  Loss 

in  Overcoming  Resistance  of 
Circuit  in,  410 

Electric  Transmission  of,  Table 

Showing  Development  of,  412 

Electric  Transmission  of,  Using 

High  P.D.  in,  412 

Electric,  Unit  of,  326,  591 

to    Generate   One    Calorie    per 

Second,  479 
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Power,  Maximum,  from  Given  Current 
Generator,  Circuit  that  Re- 
ceives, 385 

Maximum,  Arrangement  of  Bat- 
tery to  Give,  345 

Maximum,  Arrangement  of  Part 

of  External  Circuit  to  Re- 
ceive, 393 

Maximum,  Generator  Can  De- 
liver, 389 

Measuring,  325,  328 

P.D.,  and  Current,  Relation 

between,  327,  370 

Received,  Variation  of,  from 

Maximum  and  Change  in 
Current,  398 

Received,  Variation  of,  from 

Maximum  and  Change  in  Re- 
sistance, 399 

• Units  of,  in  Terms  of  Each 

Other,  327 

Variable,  Meaning  of,  325 

Pressure,  Electric.    (See  P.D.) 

of  Fluid  Compared  -with  Elec- 
tric Potential,  154,  155,  167, 
173 

of  Gas  Compared  with  Electric 

Potential,  204,  207,  209,  231 

of  Gas,  Variation  of,  with  Mass, 

207,  209 

of  Gas,  Variation  of,  with  Tem- 
perature, 204,  209 

of  Gas,  Variation  of,  with  Volume, 

204,  209 

between  Mains,  Maximum  Legal 

Variation  of,  358,  490 

between  Mains,  Method  of  Keep- 
ing Constant  at  Certain 
Points,  526 

— —  at  Every  Junction  of  House 
and  Street  Mains,  Impossi- 
bility of  Keeping  Constant, 
526 

Principle  of  Instruments 

Adopted  as  Board  of  Trade 
Standards  for  Measurement 
of,  588 

Electrical  Standards  of,  595 

Unit  of.    (See  Unit  of  P.D.) 

Variation  of  Light  of  Glow 

Lamp  with,  490 

Price  of  Board  of  Trade  Unit,  349 

Primary  Current,  Direction  of,  in 
Experimental  Voltaic  Ele- 
ment, 423 

Proof  Plane,  Description  of,  224 

Plane,  Method  of  Measuring 

Charge  on,  224 

Properties  of  Electric  Current,  3,  5 

of  Electric  Current,  Practical 

Uses  of,  9 


Property  by  which  Current  Strength 
is  Best  Measured,  10-22 

Proportional  Coil,  284,  287.  (Sue  also 
Coil,  Proportional.) 

Galvanometer.  (See  Galvano- 
meter, Proportional.) 

Protractor,  Use  of,  59 


Q 

Quantities  of  Electricity,  Comparing, 
211-217 

Quantity  of  Electricity  Produced  by 
Rubbing  Two  Bodies  To- 
gether, 214 

of  Electricity,  Unit  of,  579 

of  Electricity,  What  is  Meant 

by,  208 

Potential,  and  Density,  Ex- 
amples Showing  Difference 
between,  226 


R 

Rayleigh,  Ohm  Determined  by,  577, 
581 

and  Mrs.  Sidgwick,  Ohm  Deter- 
mined by,  582 

and  Schuster,  Ohm  Determined 

by,  581 

Rayleigh's  H  Form  of  Clark's  Cell, 
466 

Recording,  Graphically,  Results  of 
Experiments,  50 

Wattmeter.  (See  Joulemeter, 

Thomson.) 

Reduced  Length  of  Conductor,  What 
was  Meant  by,  568 

Relative  Calibration  of  Galvanometer, 
Meaning  of,  45 

— —  Conductivities  of  Metals,  per 
Cubic  Unit,  275 

Resistances  of  Metals  and  Alloys, 

259,  261 

Resinous  Electrification,  Definition 
of,  161 

Resistance,  14,  172 

Absolute  Electromagnetic  Unit 

of,  573,  591.  (See  also  Unit 
of  Resistance.) 

of  Accumulator,  527 

of  Alloys,  259,  261.  (See  also  Re- 
sistance of  Metals.) 

Alloys  with  Lowest  Tempera- 
ture Variation  of,  267-269 

Apparent,    of  Arc,    Measuring, 
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Resistance,  Apparent,  of  Arc,  What  is 

Meant  by,  233 
B.A.  Unit   of,  573.      (See   also 

Unit  of  Resistance,  B.A.) 
of  Battery  with  Cells  Joined  in 

Parallel,    and    in    Parallel- 
Series,  538 
of  Battery  of  Given  Number  of 

Cells      Sending      Maximum 

Current,  545 

of  Battery,  P.D.  between  Ter- 
minals, E.M.F.,  and  Current, 

364,  380 
Box,  Construction  and  Use  of, 

278,  279 

Box,  Values  of  Coils  for,  283 

of  Cell,  Conditions  Governing, 

434 
of  Cell,  Choice  of  Method  for 

Measuring,  498 
•  of  Cell,  Measuring,  When   Not 

Very  Small,  493 
of  Cell,   Measuring  When  Very 

Small,  366,  492 

of  Cell,  P.D.  between  Terminals, 

E.M.P.,    and    Current,    364, 


of  Cell,  and  P.D.  Maintained, 

287,  522 

— — and  Clark's  Cell  Used  as  Cur- 
rent Standard,  519 

used  with  Clark's  Cell  to  Restore 

its  E.M.F.  to  Normal  Value, 
477 

of  Daniell's  Cell,  Increase  of, 

with  Constancy  and  Porta- 
bility, 431 

of  Daniell's  Cell,  Variation  of, 

with  Temperature,  436 

of  Various  Forms  of  Daniell's 

Cells,  435 

of  Edison-Lalande  Cell,  464 

of  Grove's  Cell,  440 

of  Grove's  Cell  Increases  with 

Use  of,  441 

of  Hellesen  Dry  Cell,  459 

of  Obach  Dry  Cell,  462 

of  Storage  Cells,  527 

of  Circuit,  Change  in,  with  Use 

of  Shunts,  307 

of  Circuit,  and  Heat  Energy 

Produced  in,  318,  370 

of  Circuit,  Percentage  Loss  of 

Power  Due  to,  410 

of  External  Circuit,  and  Power 

Received  by  Circuit,  Con- 
nection between,  392,  399 

of  External  Circuit,  and  Cost 

of  Production  of  Electric 
Energy,  483 

Coil,  Ayrton  and  Mather's  Non- 


inductive,  for  Large  Currents, 
282 

Resistance  Coil,  Standard,  276 

Coils,  Description  of,  46 

Coils,  Earliest  Form  of,  569 

Coils,  Kind  and  Gauge  of  Wire 

Used  in,  281,  282,  519 

Coils,  Method  of  Avoiding 

Magnetic  Effect  of,  281 

Coils,  Method  of  Dissipating 

Heat  Produced  in,  281 

Coils  Specific  Resistance  and 

Percentage  Temperature  Vari- 
ation of  Materials  Used  in, 
271 

Coils,  Variation  and  Measure- 
ment of  Temperature  of,  280, 
281 

Coils,  When  Used,  278 

Coils,  Winding,  280 

Combined,  291 

Combined,  in  Terms  of  Resist- 
ances of  Branch  Circuits, 
292,  293 

of  Conductor,  Conditions  Affect- 
ing, 253-271.  (See  also  Re- 
sistance, Variation  of.) 

of  Copper,  Temperature  Varia- 
tion of,  265,  266 

of  Copper,  Variation  of,  with 

Density,  258 

Crompton  Standard,  520 

Current,  Calories,  and  Time, 

Relation  between,  378,  324 

Known,  Used  in  Measuring 

Current,  519 

of  House  Mains  Small  Compared 

with  Resistance  of  Lamps, 
302 

Measuring,  with  Ammeter  and 

Voltmeter,  185,  232,  366,  492. 
(See  also  Resistances,  Com- 
paring.) 

Measuring,  with  Ohmmeter, 

233 

Mercury  Troughs  Used  as, 

270 

Metal  having  Least,  for  Given 

Length  and  Weight,  261 

Metals  having  Least  and 

Greatest,  for  Given  Length 
and  Section,  260 

of  Metals  and  Alloys,  Law 

Connecting  Variation  of, 
with  Temperature,  264,  265 

of  Metals  and  Alloys  per  Centi- 
metre Cube,  and  per  Inch 
Cube,  257,  259,  271 

of  Metals  and  Alloys  per  Foot 

Grain  and  per  Metre  Gramme, 


636 


RES 


PRACTICAL    ELECTRICITY. 


SEN 


Resistance  of  Metals  and  Alloys  Per- 
centage Variation  of,  per  TC., 
266,  271 

of  Metals  and  Alloys,  Tempera- 
ture-Coefficients  of,  264-267 

of  Metals  and  Alloys  Used  in 

Resistance  Coils,  271 

Parallel,  291 

Parallel,  in  Terms  of  Resistances 

of  Branch  Circuits,  292,  293 

of  Platinnm,  Temperature  Varia- 
tion of,  265,  266 

Specific,  How  Expressed,  257 

and  Temperature-Coefficient  of 

Materials,  Relation  between, 
267 

Testing  Temperature  'Variation 

of,  262 

Unit,  of,  Glim,  Definition  of,  178, 

578,  583,  587,  591,  593.  (See 
also  Ohm.) 

Units  of.  (See  Unit  of  Resist- 

*•  ances.)' 

Variation  of,  with  Cross-Section, 

257 

Variation  of,  with  Length,  254 

Variation  of,  with  Material,  254. 

257-262 

Variation  of,  with  Temperature, 

233,  262-271 

with  Voltmeter  Used  as  Am- 
meter, 189 

of  Weston  Voltmeter,  183 

Resistances,  Comparing,  by  Simple 
Substitution,  235 

in  Parallel,  Comparing,  by  Dif- 
ferential Galvanometer,  238 

in  Parallel,  -  Comparing,  by 

Wheatstone's  Bridge,  241-253 

Compared  by  Wheatstone's 

Bridge,  Limit  to  Range  of, 
277 

Equal,  Subdividing  Wire  into 

Lengths  with,  513 

Joined  in  Parallel  with  Battery, 

Currents  in,  525 

'Known,  Calibrating  Galvano- 
meter with,  Methods  of,  521 

in  Series,  Comparing,  177,  184, 

186 

of  Two  Conductors  in  Parallel 

Inversely  Proportional  to 
Currents,  238,  290 

Resultant  of  Two  Forces,  Method  of 
Obtaining,  81 

Roiti,  Ohm  Determined  by,  582 

Rowland,  Ohm  Determined  by,577,582 

and  Kimball,  Ohm  Determined 

by,  583 

Kimball,  and  Duncan,  Ohm  De- 
termined by,  583 


Safety  Limitation  of.  Maximum  Cur- 
rent for  Cell,  559 

Sal  Ammoniac  Consumed  in  Le- 
clanche  Cell  per  Board  of 
Trade  Unit  Produced,  Weight 
and  Cost  of,  487 

Ammoniac  Consumed  in  Le- 

clanch6  Cell  per  hour  per 
1,000  Amperes,  484 

Scale  of  Ammeters,  129, 136,  139,  144 

of  Circular  Metre  Bridge,  247 

of  Evershed  Ammeter,  144 

for  Galvanometer  Divided  into 

Degrees,  Disadvantages  of,  58 

for  Galvanometer  Giving  Rela- 
tive Strengths  of  Currents, 
Construction  of,  59 

for  Galvanometer  Giving  Rela- 
tive Strengths  of  Current, 
Subdividing  Angular  Spaces 
of,  60 

of  Gravity  Control  Ammeters, 

139,  144 

of  Magnifying  Spring  Am- 
meter, Conditions  governing 
Equality  of  Divisions  of,  136, 

of  Ohmmeter,  235 

of  Permanent  Magnet  Ammeter, 

130,  133 

for  Tangent  Galvanometer,  Con- 
struction of,  87 

for  Voltmeter,  Direct  Reading 

Electrostatic,  Construction 
of,  181 

of  Voltmeter,  Potentiometer 

Method  of  Testing  Accuracy 
of,  510 

of  Weston  Milammeter,  147 

Schuckert's  Gravity  Control  Am- 
meter,  140 

Schuster  and  Rayleigh,  Ohm  Deter- 
mined by,  581 

Screening  Action  of  Conductor  Snr- 
.  rounding  Charged  Body,  Con- 
ditions Governing,  223' 

Conductor  when  Comparing 

Quantities  of  Electricity,  212 

Outside  Space  from  Inside  Elec- 
trostatic Action,  222 

Secondary  Current,  Direction  of,  in 
Experimental  Voltaic  Ele- 
ment, 423 

Self-induction,  Unit  of,  591 

Sensibility  in  Ammeters,  Adjust- 
ments for  183,  137,  142, 150 

Invariable,  Galvanometers  of, 

127 

of  Gold-leaf  Electroscopes,  194 
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Sensibility  of  Tangent  Galvanometer, 
Law  and  Variation  of,  91,  98, 
100,  102 

in    Voltmeter,    Adjustment    for 

(Examples  30,  31),  187,  188 

Scries,  Apparatus  in,  -Definition  of,  20 

and  Parallel-Series,  Cells  Joined 

in,  536,  537 

and  Parallel-Series,  Joining  Cells 

in,   by   Means    of    Mercury 
Switch-board,  541 

Short-Circuiting  Cell,  when  Using 
Mercury  Switch-board,  How 
to  Avoid  Possibility  of,  540 

Ammeter,  Result  of,  181,  182 

Voltmeter,  Result  of,  181,  182 

Shunt,  Description  of,  110 

and    Galvanometer,    Ratio     of 

Currents  in,  290 

and  Galvanometer,  Ratio  of  Cur- 
rent in  each  to  Whole 
Current,  290 

Increase  of  Main  Current  Pro- 
duced by  Applying,  298 

Multiplying  Power  of,  Definition 

of,  290 

Use  of,  and  Calibration  of  Gal- 
vanometer, 110 

Used  with  Differential  Galvano- 
meter, 241,  311 

Used  with  Galvanometer,  110 

Used  with  Wheutstone's  Bridge, 

252 

Variation  of  Effect  of,  on  Cur- 
rent, with  Change  of  Ex- 
ternal Resistance,  299 

Shunts,  Parallel  Arrangement  of,  297 

Series  Arrangement  of,  297 

Universal,  Principle  and  Use  of, 

303 

Shunt  Box,  Ayrton  and  Mather's 
Universal,  Construction  of, 
304 

Box,  Universal,  Advantages  of, 

306 

Box,  Universal,  Change  in  Re- 
sistance of  Circuit  Produced 
by  Using,  307 

Box,  Universal,  Employed  with 

Any  Galvanometer,  303 

Box,  Universal,  Facility  in  Ad- 
justing Coils,  307 

Box,  Universal,  Independent  of 

Variations    of    Temperature 
While  Using,  306 

Box,  Universal,  Selection  of  Re- 
sistance for,  309 

Box,  High  Insulation,  Construc- 
tion of,  297 

Box,  Usual  Form  of,  Arrange- 
ment of  Coils  in,  295 


Shunt  Box,  Usual  Form  of,  Necessity 
for  Constant  Temperature 
while  Using,  306 

Box,   Usual  Form  of,  Employ- 
ment of,  296 

Box,  Usual  Form  of,  Resistances 

of  Coils  Used  in,  295,  297 

Box,  Usual  Method  of  Construct- 
ing, 295 

Boxes,   Universal,    and     Usual 

Form,  Comparative  Effects 
of,  on  Resistance  of  Circuit, 
307 

Sulgwick,  Mrs.,  and  Lord  Rayleigli, 
Ohm  Determined  by,  582 

Siemens'  Law  Connecting  Variation 
of  Resistance  of  Metals  with 
Temperature,  265 

Unit  of  Resistance,  570 

Unit  of  Resistance,  Objection  to, 

570 

Sign  of  Charge  or  of  Electrification, 
What  is  Meant  by,  161,  218 

of  Charge,  Testing,  221 

of  Potential,  What  is  Meant  by, 

162 

Silver,  Atomic  Weight  of,  27 

Conductivity  of,  274 

and  Copper,  Comparative  Rates 

of  Electric  Deposition  of,  28 

Deposited  per  Second,  per  Am- 
pere, 23,  588,  593 

Deposited  per  Second,  Unit  of 

Current  Defined  by,  23,  29, 
588,  593 

Relative  Electric  and  Heat  Con- 
ductivities of,  275 

Resistance    of,    per   Centimetre 

Cube  and  per  Inch  Cube, 
259 

Resistance  of,   per  Foot  Grain 

and  per  Metre  Gramme,  261 

Resistance,  Percentage  Varia- 
tion of,  per  1°C.,  266 

Voltameter.       (See    Voltameter, 

Silver.) 

Similar  Magnetic  Poles,  Action  Be- 
tween, 09 

Simple  Voltaic  Element,  Chemical 
Action  in,  418 

Voltaic  Element,    Direction    of 

Movement  of  Hydrogen  in, 
419,  423 

Voltaic   Element,    Direction    of 

Current  in,  419 

Voltaic     Element,    Experiment 

Showing  Fall  of  E.M.F.  of, 
when  Using,  420 

Voltaic     Element,    Experiment 

Showing  Seat  of  Back  E.M.F. 
in,  422 
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Simple  Voltaic  Element,  Polarisation 

in,  Cause  and  Effect  of,  420 
Sine  of  Angle,  Definition  of,  111 

Galvanometer,    118,    119.      (See 

also  Galvanometer,  Calibra- 
ting on  Sine  Principle.) 

—  Law  Experimentally  Tested, 
113-118 

Law,  Methods  of  Keeping  Angle 

Between  Deflecting  Force 
and  Deflected  Body  Constant, 
113 

Principle  Employed  in  Galvano- 
meters, 118 

Single  Circuit,  Definition  of,  377 

Circuit  Electromotor,  Definition 

of,  Note,  371 

Fluid  Cells,  418,  445,  450,  462 

Slider  with  Wire  Bridge,  249,  250 

Smee's  Cell,  423,  482 

Sodium  Bichromate,  Chromic  Acid 
for  Cell  Formed  from,  448 

Solder  to  Use  with  Phosphor  Bronze 
Suspension,  149 

Spark,  Electric,  Shows  P.D.  between 
Conductors,  161 

Specific  Gravities  of  Mixtures  of  Sul- 
phuric Acid  and  Water,  39 

Heat,  Definition  of,  Note,  262 

Resistance  of  Copper,  Variation 

of,  with  Density,  258,  Note, 
312 

Resistance  of  a  Material,  How 

Expressed,  257 

Resistances  of  Materials  Used  in 

Resistance  Coils,  271 

Resistances  of  Metals  and  Alloys 

per  Centimetre  Cube  and  per 
Inch  Cube,  257,  259 

Resistances  of  Metals  and  Alloys 

per  Foot  Grain  and  per  Metre 
Gramme,  260,  261 

Spring-Balance,  Methods  of  Increas- 
ing Indications  of,  43 

Magnifying,  Description  of,  64 

Magnifying,  Law  of,  65 

Squared  Paper,  Use  of,  50,  53 

Stand,  Insulating,  Description  of,  216 

Standard  of  Current,  Board  of  Trade, 

587,  594,  595 

of  Current,  Use  of  Clark's  Cell 

and  Known  Resistance  as, 
519 

of  Pressure,    Board   of    Trade, 

588,  595 

of  Resistance,  Board  of  Trade, 

587,  594,  595 

• Resistance  Coil,  276 

— —  Resistance   Used  in  Measuring 

Current,  520 


Standards,  Board  of  Trade,  Limits  to 
Accuracy  of,  595 

Board  of  Trade,  for  Measuring 

Current  and  Pressure,  588 

Board  of  Trade,  Where  Kept, 

595 

Electrical,  Legislation  of,  590 

Storage  Cell.    (See  Accumulator.) 

Strength  of  Current,  Definition  of, 
23 

of  Current,  Measuring.  (See 

Measuring  Current.) 

of  Current,  Why  Measured  by 

Chemical  Property  of  Cur- 
rent, 14,  17 

of  Magnetic  Field,  Definition  of, 

79 

Relative,  of  Different  Parts  of 

Magnetic  Field,  Comparing, 
79 

Steel  Filings  for  Magnetic  Lines  of 
Force  Diagrams,  Preparation 
and  Use  of,  71-75,  77,  565 

Straight  Line  Calibration,  How  Ob- 
tainable in  Galvanometers 
and  Ammeters,  125, 132,  137, 
147 

Substitution,  Simple,  Method  of  Com- 
paring Resistances,  235 

Sulphate  of  Copper.  (See  Copper 
Sulphate.) 

of  Mercury.  (See  Mercurous 

Sulphate.) 

of  Zinc.     (See  Zinc  Sulphate.) 

Sulphuric  Acid  Consumed  in  Cells 
per  Board  of  Trade  Unit 
Produced,  Weight  and  Cost 
of,  486,  487 

Acid  Consumed  in  Cells  per 

Hour  per  1,000  Amperes,  440, 
484 

Acid,  Dilute,  Electrolysis  of,  32  ; 

Note,  62 

• Acid,  Heat  Absorbed  in  T ecom- 

position  of,  481 

Acid  Voltameter.  (See  Volta- 
meter, Sulphuric  Acid.) 

Acid  and  Water,  Specific  Gravi- 
ties of  Mixtures  of,  39 

Supply  Meter,  334-349 

Suspensions.  Fibre  and  Pivot,  of 
Galvanometer,  110 

of  Galvanometer,  Preparation 

and  Use  of  Silk  for,  566 

Swinburne  Wattmeter,  331 

Switch-Board,  Mercury,  for  Batteries, 
170,  539 

Board,  Mercury,  Positions  of 

Bridge  Pieces  of,  Giving 
Different  Arrangements  of 
Cells,  541 
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Switch-Board,  Mercury,  Method  of 
Avoiding  Possibility  of 
Short-Circuiting  when  Using, 
640 

for  Making  Two  Sets  of  Connec- 
tions, 236 

Symbolical  Representation  of  Bat- 
tery, 237 

Synchronised,  Definition  of,  338 


Table  I.,  Electrochemical  Equivalents 
of  Copper  per  Second  per 
Ampere,  28 

II.,  Specific  Gravities  of 

Mixtures  of  Balphnrio  Acid 
and  Water,  39 

III.,  Constant  for  Tangent 

Galvanometer  for  A.D.  1891- 
1900,  104 

IV.,  Ratios  of  Practical  Units  of 

Resistance,  174 

V.,  Ratios  of  Practical  Units  of 

Potential  Difference,  175 

VI.,  Variation  of  Specific  Resist- 

,*  ance  with  Density,  for  Copper, 
258 

VII.,  Purified  Substances  in 

Order  of  Increasing  Resist- 
ance for  Same  Length  and 
Sectional  Area,  259,  260 

VIII.,  Purified  Substances  in 

Order  of  Increasing  Resist- 
ance for  Same  Length  and 
Weight,  261 

IX.,  Percentage  Variation  in 

Resistance  per  1°C.,  266 

X.,  Specific  Resistances  and  Per- 
centage Temperature  Varia- 
tion of  Materials  Used  in 
Constructing  Resistance 
Coils,  271 

XI.,  Approximate  Relative 

Conductivities  per  Cubic 
Unit,  275 

XII.,  Weights  of  Materials  Con- 
sumed in  Cells  per  Hour  per 
1,000  Amperes,  484 

XIII.,  Weights  and  Cost  of 

Materials  Consumed  in  Cells 
per  Board  of  Trade  Unit 
Produced,  486 

Showing  Development  of 

Electrical  Transmission  of 
Power,  412 

Tables  Showing  Connection  between 
Efficiency  of  Transmission, 
and  Ratio  between  Power 


Received  to  Maximum  Power 
Receivable,  414,  416 

Tangent  of  Angle,  Definition  of,  83 

Galvanometer,  83 

Galvanometer,  Axis  of  Needle 

and  Plane  of  Coil  of,  Test 
for  Parallelism  between,  85 

Galvanometer,  Calibrating  Any 

Galvanometer  by  Comparison 
with,  108 

Galvanometer,  Calibration  Curve 

of,  84 

Galvanometer  Coil  Giving 

Greatest  Sensibility,  100 

Galvanometer,  Coil  of,  Adjust- 
ing, 85 

Galvanometer,  Coil  of,  Why 

Circular,  107 

Galvanometer,  Coil  of,  Why 

Large,  99 

Galvanometer,  Constant  for  A.D. 

1891-1900,  104 

Galvanometer,  Total  Controlling 

Force  on  Needle,  104 

Galvanometer,  Deflection  Best 

Used  with,  90 

Galvanometer,  Deflection  of,  in 

Amperes  when  Controlled 
only  by  Earth's  Magnetism, 
103 

Galvanometer  Deflection  of,  and 

Current,  Connection  be- 
tween, 83 

Galvanometer,  Detailed  Descrip- 
tion of,  49 

Galvanometer.  Disadvantages  of, 

108 

Galvanometer  with  Needle 

Strongly  Magnetised,  Ad- 
vantages of,  91 

Galvanometer,  Scale  for,  Con- 
structing, 87 

Galvanometer,  Sensibility  of, 

Experiment  Showing  Law 
and  Variation,  100 

Galvanometer,  Sensibility  of, 

Independent  of  Length  and 
Strength  of  Needle,  91 

Galvanometer,  Sensibility  of, 

Inversely  Proportional  to 
Diameter  of  Coil,  98 

Galvanometer,  Sensibility  of, 

Method  of  Increasing,  91,  98 

Galvanometer,  Sensibility  Pro- 
portional to  Number  of  Con 
volutions  of  Wire,  98 

Galvanometer,  Sensibility  of, 

Restrictions  in  Increasing,  98 

Galvanometer,  Sensibility  of, 

Varies  with  Strength  of  Con- 
trolling Field,  102 
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Tangeiit  Law,  91 

Law  Experimentally  Tested,  92 

Principle,  When  Applicable  in 

Galvanometers,  84 

Telegraph  Lines,  Fault  Testing  in,  by 
Bright,  Siemens,  and  Varley, 
569 

Lines,  Several  Worked  with  One 

Battery,  527 

Telegraphy,  Cells  Best  for,  527 

Use  of  Accumulators  in,  527 

Temperature  Coefficient 'and  Specific 
Resistance  of  Materials,  Re- 
lation between,  267 

Coefficients    of    Resistance    of 

Metals  and  Alloys,  264-267 

Variation,  Effect  of,  in  Daniell's 

Cell,  436 

Variation  of  E.M.P.  of  Clark's 

Cell,  475 

• Variation     of     Resistance     of 

Materials  Used  in  Resistance 
Coils,  476 

• Variation    of  Resistance  with, 

262-271 

Terminal,  Positive,  of  Cell,  Definition 
of,  376 

Terminals  of  Cell,  Potentials  of,  Re- 
latively to  Earth,  375 
of  Cell,  Signs  of,  376 

Thermo-pile,  Use  of,  for  Conversion 
of  Energy,  358 ;  Note,  563 

Thomson.  Measurements  of  Heats  of 
Combustion  by,  478,  481 

Thomson  Joulemeter.  (See  Joule- 
meter,  Thomson.) 

Tin,  Relative  Electric  and  Heat  Con- 
ductivities of,  275 

Resistance   of,  per   Centimetre 

Cube  and   per   Inch    Cube, 
259 

Resistance  of,  per  Foot  and  per 

Metre  Weighing  One  Gramme, 
261 

Resistance,  Percentage  Varia- 
tion of,  per  1°C.,  266 

Torque,  Definition  of,  44 

Coil    with      Maximum,     under 

Given  Conditions,  148 

Transmission,  Commercial  Efficiency 
of,  409 

Electric,  of  Energy,  352 

Electric,   of  Power,   Conditions 

for  High  Efficiency  of,  410 

Electric,  of  Power,  Power  Lost 

in  Overcoming  Resistance  of 
Circuit,  410 

Electric,  of  Power,  Table  Show- 
ing Development  of,  412 

Electric,  of  Power,  Using  High 

P.D.  in,  412 


Transmission, Electrical  Efficiency  of. 
409 

Electrical  Efficiency  of,  and 

Ratio  of  Power  Received  to 
Maximum  Power  Receivable, 
412 

of  Energy  from  Generator, 

Mechanical  Model  Illustra- 
ting, 355,  356 

of  Energy,  Methods  of,  352,  354, 

356,  357 

Tungsten,  Addition  of,  to  German 
Silver,  268 

Two-Fluid  Cell,  423 


U 


Uniform  and  Constant,  Difference 
between,  Note,  153 

Magnetic  Field,  Arrangement  for 

Neutralising,  78 

Magnetic  Field,  Definition  of,  70 

Unit,  B.A.,  Definition  of,  573.  (See 
also  Unit  of  Resistance, 
B.A.) 

Board  of  Trade,  Cost  of  Pro- 
ducing, 488,  491 

Board  of  Trade,  Cost  of  Pro- 
ducing with  Battery,  Con- 
ditions Governing,  482 

Board  of  Trade,  Definition  of, 

349 

Board  of  Trade,  Price  of,  349 

Board  of  Trade,  Value  of,  in 

Watt  Hours,  Joules,  Ergs, 
Foot  Pounds,  and  Horse- 
Power  Hours,  349 

of  Capacity,  Electric,  579 

of  Conductivity  Proposed,  274 

of  Current,  Absolute  Electro- 
magnetic, Definition  of,  575 

of  Current,  Absolute  Electro- 
magnetic, Value  of  Ampere 
in  Terms  of,  583 

of  Current,  B.A.,  Aim  in  Choos- 
ing, 576 

. of  Current,  Definition  of,  23, 

579,  587,  588,  590,  593.  (See 
also  Ampere.) 

• of  Current,  Value  of,  in  Terms  of 

C.G.S.  Unit,  583,  587,  593  - 

of  Electric  Energy,  317,  349,  591. 

(See  also  Unit,  Board  of 
Trade.) 

of  Force,  Dyne,  Note,  317 

of  Force,  Gauss's  Absolute,  571 

of  Heat,  318 

of  P.D.,  Absolute  Electro- 
magnetic, Definition  of,  575 
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Unit  of  P.D.,  Absolute  Electromag- 
netic, Volt  in  Terms  of,  479, 
576 

of  P.D.,  B.A.,  International,  and 

Legal,  in    Terms    of    Each 
Other,  175 

of  P.D.  and  Pressure  between 

Terminals    of   Clark's    Cell, 
589,  594 

of  P.D.,  Volt,  Definition  of,  174, 

576,  578,  583,   588,  589,   590, 
593.    (See  also  Volt.) 

of  Power,  326,  327,  591 

of  Power,    Watt,  in    Terms   of 

Other  Units  of,  326 

of  Pressure.     (See  Unit  of  P. D.) 

of  Quantity  of  Electricity,  579 

of  Eesistance,  Absolute,  History 

of,  568-600 

of  Resistance,  Absolute  Electro- 
magnetic, Method  of  Deter- 
mining, 573 

of  Resistance,  Absolute  Electro- 
magnetic, Value  of  Siemens' 
Unit  and  Ohm  in  Terms  of, 
573,  591 

of  Resistance,    B.A.,    Aim    in 

Choosing,  576 

of  Resistance,  B.A.,  Definition 

of,  573 

of  Resistance,  B.A.,  First  Indica- 
tion of  being  Too  Small,  576, 
577 

of  Resistance,  B.A.,  Rayleigh's 

Value  of,  in  C.G.S.  Units,  580 

of  Resistance,  B.A.,  Inter- 
national, and  Legal,  in  Terms 
of  Each  Other,  174,  587 

of  Resistance,  Ohm,  Definition 

Of,   173,  578,   583,   587,   591, 
593.     (See  also  Ohm.) 

of  Resistance,  Siemens',  570 

of  Self-induction,  590 

- —  of  Work,  317,  349,  591 

of  Work,   Joule,   in    Terms    of 

Foot-Pounds  and  Ergs,  317 

Magnetic   Pole,    Definition    of, 

569 

Units,  Absolute  Electromagnetic, 
479,  573,  575.  576,  583,  591 

C.G.S.,  Adopted   for  Electrical 

Measurements,  576,  578,  583, 
587,  593 

Electrical,  Committees  to  Con- 
sider, 572,  578,  579,  581,  584, 
587,  588,  590,  592 

Electrical,  History  of,  24,  174, 

568-600 

Electrical,  Legislation  of,  592 

Universal  Shunt.  (See  Shunt,  Uni- 
versal.) 


Vapour,  Device  for  Absorbing  in 
Electrostatic  Instruments, 
193,  217 

Varnish,  Conducting  Transparent, 
Composition  of,  200 

Conducting     Transparent,    Use 

of,  166,  192,  199 

Vibration  of  Compass  Needle,  Con- 
ditions Governing  Rate  of,  79 

of  Pendulum,  Rate  of,  336 

of    Pendulum    of    Clock-Joule- 

nieter,  Varying  Rate  of,  336 
Vitreous  Electrification,  Definition  of, 

161 
Volt,  B.A.,  Definition  of,  576 

Board  of  Trade,  Definition    of, 

588,  589,  593 

International,  Definition  of,  174, 

-591 

Legal,  Definition  of,  583 

B.A.,  International,  and  Legal, 

in  Terms  of  Each  Other,  175 

Board  of  Trade  Standard,  595 

International,  and  P.D.  between 

Terminals  of  Clark's  Cell,  589, 
594 

in  Terms  of  Absolute  Electro- 
magnetic, or  C.G.S.  Unit, 
479,  576,  578,  593 

Voltaic  Element,  Simple,  359,  418. 
(See  also  Simple  Voltaic  Ele- 
ment.) 

Voltameter,  Copper,  Chemical  Action 
in,  20 

Copper  Deposited    per   Second 

per  Ampere  in,  29 

Copper,  Description  of,  10,  17 

Copper,     Used    for    Measuring 

Large  Currents,  26 

Direction  of  Current  in,  33 

Hoffmann's,  31 

Silver,  Definition  of,  595 

Silver  Deposited  per  Second  per 

Ajnpere  in,  23,  27,  596 

Silver,  for  Measuring  Currents 

of  about   one  Ampere,    23, 
596 

Silver,    Method     of    Making   a 

Measurement  with,  25,  594 

Silver,  Preferable  for  Measuring 

Small  Currents,  28 

Sulphuric  Acid,  10,  17,  31,  39 

Sulphuric  Acid,  Chemical  Action 

in,  20,  32  ;  Note,  62 

Sulphuric    Acid,    Objection    to 

Usual  Mode  of  Constructing, 
38 

Sulphuric  Acid,  Practical  Forma 

of,  39-42 
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Voltameter,  Sulphuric  Acid,  for  Meas- 
uring Time  to  Produce  Given 
Volume  of  Gas,  41 

Voltameters  and  Galvanometers,  Re- 
lative Advantages  of,  42 

Only  Used  in  Measuring  Large 

Currents,  42 

Voltmeter  and  Ammeter,  Measuring 
Resistance  with,  185,  232, 
366,  492 

and  Ammeter,  Measuring  Power 

with,  828 

and  Ammeter,  When  Impossible 

to  Measure  Power  with,  328 

and  Ammeter,  Measuring  Vari- 
able E.M.F.  of  Current 
Generator  with,  369 

Ammeter  Used  as,  179,  181 

Ayrton  and  Mather  Zero  Elec- 
trostatic, 164,  181 

Calibrating,  by  Using  Potentio- 
meter, 510 

- —  Connecting,  in  Circuit.  Method 
of,  182 

— —  Current,  Result  of  Disconnect- 
ing, 181,  183 

- —  Current,  Result  of  Short-Cir- 
cuiting, 181,  182 

Definition  of,  179 

Deflectional,  Calibrating,  183 

Determining  E.M.P.  of  Cell  by, 

479 

Electrostatic,  164,  179,  181 

Enclosed  in  Conducting  Case, 

198 

Graduating,  by  Potentiometer 

Method  with  Clark's  Cell, 
516-519 

High  Resistance,  When  Used, 

181,  362,  365 

"  Ja  Ja "  Wire  Used  in,  Note, 

312 

Low  Resistance,  When  Used, 

181 

• Measuring  E.M.F.  of  Cell  by, 

362,  365 

Moving  Coil,  183 

Part  of  Wattmeter  Acting  as,  330 

Scale,  Potentiometer  Method  of 

Testing  Accuracy  of,  510 

Sensibility  of,  Adjustment  for, 

(Examples,  30,  31),  187,  188 

Types  of,  179 

Used  as  Ammeter,  188 

Weston  Moving  Coil,  183 

Zero  Electrostatic,  164,  181 

Zero  Electrostatic,  Electro- 
meter Used  as,  181 

Zero  Electrostatic,  Scale  for,  181 

Voltmeters  of  Very  Different  Sensi- 
bilities, Comparing,  184 
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Waste  Products  of   Galvanic  Cells, 

Commercial  Value  of,  488,  490 
Water,  Current  of.     (See  Current  of 

Water.) 
Formed  per  Hour  per  Ampere 

in  Grove's  Cell,  440,  441 

Heat  of  Formation  of,  481 

Pressure  Compared  with  Elec- 
tric Potential,  154 
Pressure,  Distribution    of,   and 

of   Electric   Potential,    155, 

167, 173 
Transmission  of  Energy  by,  353, 

354,  357 
Vapour,   Device  for  Absorbing, 

in  Electrostatic  Instruments, 

193,  217 
Variation    of    Resistance     and 

E.M.F.  of  Grove's  Cell,  with 

Production  of,  441 
Watt,  Definition  of,  826,  591 
Value   of,  in   Terms   of   Other 

Units  of  Power,  326 
Hours,  Value  of  Board  of  Trade 

Unit  in,  349 
Wattmeter,  and  Am  meter- Voltmeter, 

Methods  of  Measuring  Power 

Compared,  328,  329 

Deflectional,  Principle  of,  332 

• Kelvin  Deflectional,  332 

Methods    of    Connecting,    with 

Circuit,  329,  331 
Parts    of,  Acting   as    Ammeter 

and  as  Voltmeter,  330 

Principle  of,  828 

Recording.      (See     Joulemeter, 

Thomson.) 

Swinburne,  331 

Zero,  Principle  of,  330 

Wattmeters,   Commercial  Forms  of, 

331 
Weber,  H.  F.,  Ohm  Determined  by, 

577,  581,  582 

Weber's,  W.,  Absolute   Electromag- 
netic      and       Electrostatic 

Systems  of  Units,  571 
Weston  Milammeter,  145 

Moving  Coil  Ammeter,  144 

Moving  Coil  Voltmeter,  183 

Wheatstone's  Bridge  or  Balance.    (See 

Bridge,  Wlieatstone's.) 

Proposed  Unit  of  Resistance,  569 

Resistance  Coils,  Earliest  Form, 

569 
Wiedemann,  G.,  Ohm  Determined  by, 

582 

Wild,  Ohm  Determined  by,  582 
Winding  Resistance  Coils,  Mode  of, 

280 
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Wire,  Subdivision  of,  into  Lengths 
having  Equal  Resistances  by 
Foster's  Method,  513 

Used  in  Resistance  Coils,  Com- 
position and  Gauge  of,  280, 
282 

Used  in  Resistance  Coils,  Neces- 
sity for  Small  Temperature 
Variation  of,  280 

Wires  with  Current  Flowing,  Action 
on  each  other,  3 

Work  Done  by  Current,  313-316 

Electric,  Unit  of,  317,  349,  591 


Zero  Electrometer  of  Ayrton  and 
Mather,  164,  181.  (See  also 
Voltmeter,  Zero  Electro- 
static.) 

-  Electrostatic  Voltmeter.  (SeeVolt- 

meter,  Zero  Electrostatic.) 

-  Type  of  Electrometer,  163 
--  Wattmeter,  330 

Zinc,  Amalgamated,  Advantage  of 
Using,  in  Cell,  429,  430 

-  Amalgamated,    Theories    as    to 

Action  of,  430 

-  Amalgamating,  Method  of,  429 

-  Atomic  Weight  of,  27 

-  for  Clark's  Cell,  Preparation  of, 

468,  597 

-  Commercial,   Result  of  Using  in 

Cells,  429 

-  Consumed  in  Cells  per  Board  of 

Trade  Unit  Produced,  Weight 
and  Cost  of,  465,  486 


Consumed  in  Cells  per  Hour 
1,000  Amperes,  424,  440, 


r  per 
,  484 


Zinc  Deposited  per  Second  per  Ain- 
pere  in  Voltameter,  27 

Effect  of  Adding  to   Mercury, 

430 

Electrochemical  Equivalent  of, 

27 

Plate  of  Cells,  419,  423,  431,  433, 

435,  438,  445,  450,  454,  455 
458,  459,  460,  461,  462,  463 
(See  also  Plate  of  Cells.) 

Plate  of  Cell  in  Form  of  Cylin- 
der, 431,  455,  461 

—  Plate  of  Cell  in  Form  of  Pot, 
458,  459 

Plate  of  Cell  in  Form  of  Rod, 

450,  454 

Resistance   of,  per   Centimetre 

Cube  and  per  Inch  Cube,  259 

Resistance  of,  per  Foot  Grain 

and  per  Metre  Gramme,  261 

Resistance,  Percentage  Varia- 
tion of,  per  1°C.,  266 

Oxide,  Possible    Formation  of, 

in  Simple  Voltaic  Element, 
419 

Sulphate,     Formation     of,     in 

Simple  Voltaic  Element,  419 

Sulphate  Formed  per  Hour  per 

Ampere  in  Daniell's  Cell,  425 

Sulphate  Formed  per  Hour  per 

Ampere  in  Grove's  Cell,  440, 
441 

Sulphate,  Heat  of  Formation  of, 

478,  481 

Sulphate    Solution    for    Clark's 

Cell.  Preparation  of,  468,  471, 
597 

Sulphate,  Variation  of  Resist- 
ance and  E.M.F.  of  Grove's 
Cell  with  Production  of,  441 
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hearers  to  cultivate.  The  author  has  discharged  a  difficult  task 
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years  to  come,  look  back  on  this  work  also  in  like  manner,  with 
grateful  recognition  of  the  help  and  impulse  it  is  now  affording 
them  towards  putting  themselves  in  the  ranks  of  scientific  and 
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CASSELL  &  COMPANY,  LIMITED,  London;  Paris  &  Melbourne. 
6 


The  Electric  Current,  How  Produced 
and  How  Used. 

By   R.    MULLINEUX   WALMSLEY,    D.Sc.  (Lond.). 
With  numerous  Illustrations.    Cloth  gilt,  10s.  6d. 

"  It  is  up-to-date,  well  printed,  well  illustrated,  and  the  subject 
is  treated  with  considerable  freshness." — Electrician. 

"  Mr.  Walmsley's  book  is  both  a  theoretical  and  practical 
treatise,  and  as  such  it  will  be  of  service  to  a  very  large  class." — 
Daily  News. 

CASSELL  &  COMPANY,  LIMITED,  London;  Paris  &  Melbourne. 


Electricity  in  the  Service  of  Man. 

A  Popular  and  Practical  Treatise  on  the  Ap- 
plications of  Electricity  in  Modern  Life.  Cheaper 
Edition.  Revised  by  R.  MULLINEUX  WALMSLEY, 
D.Sc.  (Lond.).  With  upwards  of  950  Illustra- 
tions. 7s.  6d. 

"  '  Electricity  in  the  Service  of  Man  '  is  a  book  without  which 
no  physical  library  can  be  held  to  be  complete." — Knowledge. 

"  All  the  useful  applications  of  Electricity  are  described  in  its 
pages.     In  that  respect  it  has  no  rival." — English  Mechanic. 

CASSELL  &  COMPANY,  LIMITED,   London;  Paris  &  Melbourne. 


Applied  Mechanics. 

A  Treatise  for  the  use  of  Students  who  have 
time  to  work  Experimental,  Numerical,  and 
Graphical  Exercises  illustrating  the  subject.  By 
JOHN  PERRY,  M.E.,  D.Sc.,  F.R.S.,  etc.  Illus- 
trated. Crown  8vo.  About  704  pages,  cloth, 
7s.  6d. 

CASSELL  &  COMPANY,   LIMITED,   London;  Paris  &  Melbourne. 
6 


Works  by 
SIR  ROBERT  STAWELL  BALL,  LLD.,  etc. 


The  Story  of  the  Sun. 

With  Coloured  Plates  and  numerous  other  Illus- 
trations.    Cheap  Edition.     Cloth  gilt,  10s.  6d. 

The  Story  of  the  Heavens. 

Illustrated   by   Chromo   Plates   and   Wood   En- 
gravings.    Popular  Edition,  10s.  6d. 

Star = Land. 

Being   Talks    with    Young    People    about    the 
Wonders  of  the  Heavens.     Illustrated.     6s. 

Applied  Mechanics.    Cloth,  2s. 

CASSELL  &  COMPANY,  LIMITED,  London;  Pans  &  Melbourne. 


By  PROF.  BONNEY,  F.R.8. 


The  Story  of  Our  Planet. 

With  Coloured  Plates  and  Maps  and  about  100 
Illustrations.     Cheap  Edition,  10s.  6d. 

CASSELL  &  COMPANY,   LIMITED,   London;  Paris  &  Melbourne. 
7 


MANUALS  OF  TECHNOLOGY. 

EDITED    BY 
Professor  AYRTON,   P.R.S., 

AND 

RICHARD    WORMBLL,    D.Sc,,    M.A. 

ILLUSTRATED    THROUGHOUT. 


The  Dyeing  of  Textile  Fabrics. 

By  Prof.  HUMMEL.     5s. 

Watch  and  Clock  Making. 

By  D.  GLASGOW.     4s.  6d. 

Steel  and  Iron. 

By  Prof.  W.  H.  GREENWOOD,  F.C.S.,  M.I.C.E., 
«fec.     5s. 

Spinning  Woollen  and  Worsted. 

By  W.  S.  B.  MCLAREN.     4s.  6d. 

Design  in  Textile  Fabrics. 

By  T.  R.  ASHENHURST.     With  Coloured  Plates. 
4s.  6d. 

Practical  Mechanics. 

By  Prof.  PERRY,  M.E.     3s.  6d. 

Cutting  Tools  worked   by  Hand  and 
Machine. 

Prof.  R.  H.  SMITH.     3s.  6d. 

CASSELL  &  COMPANY,  LIMITKD,  London;  Paris  &  Melbourne 


Architectural  Drawing.     By  R.  PHENB  SPIERS.     Illustrated,    zos.  6d. 
agazine  of.  Half- Yearly  Vols.  With  Exquisite  Photogravures, 
a  Series  of  Full-page  Plates,  and  hundreds  of  Illustrations.    IOS.  6d. 


Selections  from  Cassell  $  Company's  Publications. 

Illustrate^  yhte-3tri, 

Adventure,  The  World  of.   Fully  Illustrated.     In  Three  Vols.  gs.  each. 

Adventures  in  Criticism      By  A.  T.  QUILLER-COUCH.     6s. 

Africa  and  its  Explorers,  The  Story  of.    By  UR.  ROBERT  BROWN, 

F.L.S.     Illustrated.     Complete  in  4  Vols.,  75.  6d.  each. 
Animals,  Popular  History  of.     By  HENRY  SCHERREN,  F.Z.S.     With 

13  Coloured  Plates  and  other  Illustrations.    73.  6d. 
...^hitectural  ~— ----- 
Art,  The  Magi 

a  Series  of 

Yearly  Vol,  2is. 

Artistic  Anatomy.     By  Prof.  M.  DOVAL.     Cheap  Edition.     33.  6d. 
Astronomy,   The    Dawn  of.     By    Sir    NORMAN    LOCKYER,    K.C.B., 

F.R.S.,  &c.     Illustrated.    2is. 
Ballads   and  Songs.     By  WILLIAM   MAKEPEACE  THACKERAY.    With 

Original  Illustrations.     6s. 
Barber,  Charles  Burton,  The  Works  of.    With  Forty-one  Plates  and 

Portraits,  and  Introduction  by  HARRY  FURNISS.    2is.  net. 
Battles  of  the  Nineteenth  Century.     An  entirely, New  and  Original 

Work,  with  several  hundred  Illustrations.     In  2  Vols.,  gs.  each. 
Beetles,  Butterflies,  Moths,  and  Other  Insects.     By  A.  W.  KAPPEL, 

F.E.S.,  and  W.  EGMONT  KIRBY.     With  12  Coloured  Plates.     33.  6d. 
"Belle  Sauvage "  Library,    The.      Cloth,   2s.   each.     A    list  of  the 

Volumes  post  free  on  application. 

Biographical  Dictionary,  Cassell's  New.     Cheap  Edition,  33.  6d. 
Birds'   Nests,    British :    How,   Where,   and  When  to   Find  and 

Identify  Them.     By  R.  KEARTON;  F.Z.S.     With  nearly  130  Illus- 
trations of  Nests,  Eggs,  Young,  etc. ,  from  Photographs  by  C.  KEARTON. 

2IS. 


ARCHIBALD  FORBES,  LL.D.    6s. 
Britain's  Roll  of  Glory;  or,  the  Victoria  Cross,  its  Heroes,  and 

their  Valour.     By  D.  H.  PARRY.    Illustrated.    73.  6d. 
British  Ballads.    With  300  Original  Illustrations.     Cheap  Edition.    Two 

Vols.  in  one.     Cloth,  75.  6d. 


British  Battles  on  Land  and   Sea.    By  JAMES  GRANT.     With  about 

\eap  Edition.     In  Foui 
Building  World.    Half- Yearly  Volumes,  45.  each. 


800  Illustrations.     Cheap  Edition.     In  Four  Vols.,  33.  6d.  each, 
ilding  World.    Half- Yearly  Volumes,  43.  each. 
Butterflies    and    Moths,   European.     With  61  Coloured  Plates. 


eutternies    ana    moms,   n-uropean.     witn  01  uolourecl  .Plates.     353. 
Canaries  and  Cage-Birds,  The  Illustrated  Book  of.     With  56  Fac- 
simile Coloured  Plates,  353.     Half-morocco,  £2  55. 
Cassell's    Family    Magazine.      Half- Yearly    Volumes,    55.    each*    or 

Yearly  Volumes,  8s.  each. 
Cathedrals,    Abbeys^    and    Churches   of    England     and     Wales. 

Descriptive,  Historical,  Pictorial.    Popular  Edition.    Two  Vols.  253 
Cats  and  Kittens.     By  HENRIETTE  RONNER.     With  Portrait  and   13 

Full-page  Photogravure  Plates  and  numerous  Illustrations.     £2  2s. 
Chums.    The  Illustrated  Paper  for  Boys.     Yearly  Volume,  8s. 
Cities  of  the  World.     Four  Vols.     Illustrated.    73.  6d.  each. 
Civil  Service,  Guide  to  Employment  in  the.     Entirely  New  Edition 

Paper,  is.     Cloth,  is.  6d. 
Clinical  Manuals  for  Practitioners  and  Students  of  Medicine.    A 

List  of  Volumes  forwarded  post  free  on  application  to  the  Publishers 
Colour.     By  Prof.  A.  H.  CHURCH.     With  Coloured  Plates.    33.  6d. 
Conning  Tower,  In  a  ;  or,  How  I  Took  H.M.S.  "  Majestic  "  into 

Action.  By  H.  O.  ARNOLD-FORSTER,  M.P.  Cheap  Edition.  Hid.  6d. 

50.— 8.97 


Selections  from  Cassell  $  Company's  Publications. 

Cookery,  Cassell's  Dictionary  of.    With  about  9,000  Recipes.    53. 

Cookery,  A  Year's.     By  PHYLLIS  BROWNE.    38.  6d. 

Cookery  Book,   Cassell's  New  Universal.      By  LIZZIE  HERITAGE. 

With  12  Coloured  Plates  and  other  Illustrations.     Strongly  bound  in 

Half-leather.     1,344  pages.    6s. 

Cookery,   Cassell's   Shilling.     125**  Thousand,    is. 
Cookery,  Vegetarian.     By  A.  G.  PAYNE,     is.  6d. 
Cooking  by  Gas,  The  Art  of.     By  MARIE  J.  SUGG.    Illustrated,   as. 
Cottage  Gardening,  Poultry,   Bees,   Allotments,  Etc.      Edited  by 

W.  ROBINSON,  F.L.S.  Illustrated.  Half- Yearly  Volumes,  2s.  6d.  each. 
Countries  of  the  World,  The.  By  ROBERT  BROWN,  M.A.,  F.L.S. ,  &c. 

Cheap  Edition.     Illustrated.     Vols.  I. ,  II.,  III.,  and  IV.,  6s.  each. 
Cyclopaedia,  Cassell's  Concise.    With  about  600  Illustrations.    55. 
Cyclopaedia,  Cassell's  Miniature.    Containing  30,000  subjects.   Cloth, 

2s.  6d.  ;  half-roxburgh,  48. 
Diet  and  Cookery  for  Common  Ailments.      By  A  FBI-LOW  OF  THE 

ROYAL  COLLEGE  OF  PHYSICIANS  and  PHYLLIS  BROWNE,    as.  6d. 
Dog,  Illustrated  Book  of  the.    By  VERO  SHAW,  B.A.    With  28  Coloured 

Plates.     Cloth  bevelled,  353. ;  half-morocco,  458. 
Domestic  Dictionary,  The.     Illustrated.     Cloth,  73.  6d. 
Dore  Bible,  The.    With  200  Full-page  Illustrations  by  DORE.     158. 
Dore    Don   Quixote,    The.     With  about  400  Illustrations  by  GUSTAVE 

DORE.     Cheap  Edition.     Cloth,  los.  6d. 

Dore  Gallery,  The.    With  250  Illustrations  by  DORE.    410,425. 
Dorg's   Dante's   Inferno.     Illustrated  by  GUSTAVE  DORE.    Large  4to 

Edition,  cloth  gilt,  2is.     Cloth  gilt  or  buckram,  73.  6d. 
Dora's   Dante's  Purgatory  and  Paradise.      Illustrated  by  GUSTAVK 

DORE.     Cheap  Edition.     73.  6d 
Dori's  Milton's  Paradise  Lost.  Illustrated  by  DORE.  410,218.  Popular 

Edition.     Cloth  gilt  or  buckram  gilt,  73.  6d. 
Earth,   Our,   and  its  Story.     By  Dr.  ROBERT  BROWN,  F.L.S.     With 

Coloured  Plates  and  numerous  Wood  Engravings.  Three  Vols.  gs.  each. 
Edinburgh,  Old  and  New.  With  600  Illustrations.  Three  Vols.  gs.  each. 
Egypt:  Descriptive,  Historical,  and  Picturesque.  By  Prof.  G.  EBERS. 

With  800  Original  Engravings.  Popular  Edition.  In  Two  Vols.  425. 
Electric  Current,  The.  How  Produced  and  How  Used.  By  R. 

MULLINEUX  WALMSLEY,  D.Sc.,  etc.     Illustrated.     IDS.  6d. 
Electricity  in   the  Service  of  Man.     Illustrated.    New  and  Cheaper 

Edition,    73.  6d. 
Electricity,  Practical.     By  Prof.  W.  E.  AYRTON,  F.R.S.     Entirely  New 

and  Enlarged  Edition,  completely  re-written,     gs. 
Encyclopaedic  Dictionary,  The.    In  Fourteen  Divisional  Vols.,  ios.6d. 

each  ;  or  Seven  Vols.,  half-morocco,  2is.  each  ;  half-russia,  253. 
England  and  Wales,  Pictorial.     With  upwards  of  320  beautiful  Illus- 
trations prepared  from  copyright  photographs,    gs.     Also  an  Edition  on 

superior  paper,    bound   in  half-persian,  marble  sides,  gilt  edges  and 

in  box,  153.  net. 
England,   A   History   of.     From  the  Landing  of  Julius  Caesar  to  the 

Present  Day.  By  H  O.  ARNOLD-FORSTER,  M.P.  Fully  Illustrated.  53. 
England,  Cassell's  Illustrated  History  of.  With  upwards  of  2,000 

Illustrations.     Re-vised  Edition.     Complete   in  Eight  Vols.,  gs.  each  ; 

cloth  gilt,  and  embossed  gilt  top  and  headbanded,  £4  net  the  set. 
English  Dictionary,  Cassell's.     Giving  definitions  of  more  than  100,000 

Words  and  Phrases.  Superior  Edition,  53.  Cheap  Edition,  33.  6d. 
English  History,  The  Dictionary  of.  Edited  by  SIDNEY  Low,  B.A., 

and  Prof.  F.  S    PULLING,  MA.     New  Edition,  73.  6d. 
English  Literature,  Library  of.     By  Prof.  HENRY  MORLBY.    Complete 

in  Five  Vols.,  73.  6d.  each. 


Selections  from  Cassdl  $  Company's  Publications. 


English  Literature,  The  Dictionary  of.     By  W.  DAVENPORT  ADAMS. 

Cheap  Edition,    75.  6d. 

English  Literature,  Morley's  First  Sketch  of.  Revised  Edition.  73. 6d. 
English  Literature,  The  Story  of.     By  ANNA  BUCKLAND.    35.  6d. 
English  Writers.  By  Prof.  HENRY  MORLEY.    Vols.  I.  to  XI.    53.  each. 
Etiquette   of  Good   Society.     New  Edition.    Edited  and  Revised  by 

LADY  COLIN  CAMPBELL,     is. ;  cloth,  is.  6d. 

Family  Doctor,  Cassell's.     By  a  MEDICAL  MAN.     Illustd.     los.  6d. 
Fairway  Island.    By  HORACE  HUTCHINSON.    Cheap  Edition,    as.  6d. 
Fairy  Tales  Far  and  Near.    Re-told  by  Q.     Illustrated.    33.  6d. 
Fiction,  Cassell's  Popular  Library  of.     33.  6d.  each. 


KING  SOLOMON'S  MINKS.       By  H. 

Rider  Haggard.    Illustrated. 
THE  LIGHTS  OF  SYDNEY.    By  Lilian 

Turner. 
THE  ADMIRABLE  LADY  BIDDY  FANE. 

By  Frank  Barrett. 
LIST,  YE  LANDSMEN!  A  ROMANCE 

OF    INCIDENT.       By    W.    Clark 

Russell. 

IA  ;    A  Love  Story.    By  Q. 
THE  RED  TERROR  :  A  STORY  CF  THE 

PARIS    COMMUNE.      By    Edward 

King. 
THE  LITTLE  SQUIRE.   By  Mrs.  Henry 

de  la  Pasture. 
ZERO  THE  SLAVER.     A  Romance  of 

Equatorial  Africa.        By  Lawrence 

Fletcher. 
INTO  THE  UNKNOWN.    A  Romance  of 

South  Africa.  By  Lawrence  Fletcher 
MOUNT  DESOLATION-.     An  Australian 

Romance.    By  W.  Carlton  Dawe. 
POMONA'S  TRAVELS.      By  Frank  R. 

Stockton. 
THE       REPUTATION       OF       GEORGE 

SAXON.     By  Morley  Roberts. 
A  PRISON  PRINCESS.  By  Major  Arthur 

Griffiths. 
QUEEN'S  SCARLET,  THE.    By  George 

Manville  Fenn. 
CAPTURE    OF   THE     "ESTRELLA,' 

THE.    A  Tale  of  the  Slave  Trade. 

By  Commander  Claud  Harding.  R.N. 


THE  SQUIRE.    By  Mrs.  Parr. 

THE  AWKWARD  SQUADS,  and  Other 

Ulster  Stories.    By  Shan  F.  Bullock. 
THE   AVENGER  OF  BLOOD.      By   I. 

Maclaren  Cobban. 
A  MODERN  DICK  WHITTINGTON.    By 

James  Payn. 
THE  MAN  IN  BLACK.     By  Stanley 

Weyman. 
A   BLOT  OF    INK.     Translated  by   Q. 

and  Paul  M.  Francke. 
THE  MEDICINE    LADY.      By  L.  T. 

Meade. 
OUT  OF  THE  JAWS  OF  DEATH.       By 

Frank  Barrett. 
PLAYTHINGS  AND  PARODIES.   Short 

Stories   and  Sketches.      By    Barry 

Pain. 

A  KING'S  HUSSAR.    By  H.  Cotnpton. 
"LA    BELLA."   AND    OTHERS.     By 

Egerton  Castle. 

LEONA.    By  Mrs.  Molesworth. 
FOURTEEN  TO  ONE,  ETC.     By  Eliza- 
beth Stuart  Phelps. 
FATHER    STAFFORD.      By    Anthony 

Hope. 
DR.   DUMANY'S    WIFE.      By    Maurus 

J&kai 
THE  DOINGS  OF  RAFFLES  HAW.   By 

Conan  Doyle. 
A  FREE  LANCE  IN  A  FAR  LAND.    By 


Herbert  Compton, 

Field  Naturalist's  Handbook,  The.  By  the  Revs.  J.  G.  WOOD  and 
THEODORE  WOOD.  Cheap  Edition.  2s.  6d. 

Figuier's  Popular  Scientific  Works.     With  Several  Hundred  Illustra- 
tions in  each.     Newly  Revised  and  Corrected.    35.  6d.  each. 
THE  HUMAN  RACE.  MAMMALIA.  OCEAN  WORLD. 

THE  INSECT  WORLD.  REPTILES  AND  BIRDS. 

WORLD  BEFORE  THE  DELUGE.    THE  VEGETABLE  WORLD. 

Flora's  Feast.  A  Masque  of  Flowers.  Penned  and  Pictured  by  WALTER 
CRANE.  With  40  Pages  in  Colours.  55. 

Football,  The  Rugby  Union  Game.  Edited  by  REV.  F.  MARSHALL. 
Illustrated.  New  and  Enlarged  Edition.  75.  6d. 

Franco-German  War,  Cassell's  History  of  the.  Complete  in  Two 
Vols.  Containing  about  500  Illustrations,  gs.  each. 

Garden  Flowers,  Familiar.  With  200  Full-page  Coloured  Plates  by 
F.  E.  HULME,  F.L.S.,  F.S.A.,  and  Descriptive  Text  by  SHIRLEY 
HIBBERD.  Cheap  Edition.  In  Five  Vols.,  35.  6d.  each. 

Gleanings  from  Popular  Authors.    Illustd.    Cheap  Edition.    35.  6d. 

Gullivers  Travels.  With  88  Engravings  by  MORTEN.  Cheap  Edition, 
Cloth,  33.  6d. ;  cloth  gilt,  58. 


Selections  from  Cassell  $  Company^  Publications. 

Gun  and  its  Development,   The.    By  W.  W.   GREENER.    With  500 

Illustrations.     Entirely  New  Edition.     los.  6d. 
Heavens,  The  Story  of  the.     By  Sir  ROBERT  STAWELL  BALL,  LL.D., 

F.R.S.,  F.R.A.S.    With  Coloured  Plates      Popular  Edition.     ios.6d. 
Heroes  of  Britain  in  Peace  and  War.    With  300  Original  Illustrations. 

Cheap  Edition.  Complete  iu  One  Vol.,  35.  6d. 
History,    A    Foot-note    to.     Eight  Years  of  Trouble  in  Samoa.     By 

ROBERT  Louis  STEVENSON.    6s. 
Home    Life   of  the   Ancient    Greeks,    The.       Translated  by  ALICE 

ZIMMERN.     Illustrated.     Cheap  Edition.    53. 
Horse,  The   Book  of  the.     By   SAMUEL   SIDNEY.     With  17  Full-page 

Collotype  Plates   of   Celebrated   Horses    of  the   Day,  and  numerous 

other  Illustrations.     Cloth,  153. 

Horses  and  Dogs.     By  O.  EERELMAN.    With  Descriptive  Text.    Trans- 
lated from  the  Dutch  by  CLARA  BELL.    With  Author's  Portrait  and 

Fifteen  Full-page  and  other  Illustrations.    253.  net. 
Houghton,  Lord :  The  Life,  Letters,  and  Friendships  of  Richard 

Monckton   Milnes,     First    Lord    Houghton.      By  Sir  WEMVSS 

REID.     In  Two  Vols.,  with  Two  Portraits.    323. 
Household,  Cassell's  Book  of  the.     Complete  in  Four  Vols.     53.  each. 

Four  Vols.  in  Two,  half- morocco,  253. 

Hygiene  and  Public  Health.  By  B.  ARTHUR  WHITELEGGE,  M.D.  73. 6d. 
Iron  Pirate,  The.     By  MAX  PEMBERTON.     Illustrated.    53. 
Khiva,  A  Ride  to.     By  COL.    FRED  BURNABY.     New  Edition.     With 

Portrait  and  Seven  Illustrations.     33.  6d. 
Ladies'  Physician,  The.      By  A  LONDON  PHYSICIAN.    Cheap  Edition, 

Revised  and  Enlarged.     33.  6d. 
Lady's  Dressing-room,  The.    Translated  from  the  French  of  BARONESS 

STAFFS  by  LADY  COLIN  CAMPBELL.     Cheap  Edition,  2s.  6d. 
Letters,  The  Highway  of,  and  its  Echoes  of  Famous  Footsteps. 

By  THOMAS  ARCHER.     Illustrated.     Cheap  Edition,  53. 
Letts's    Diaries    and  other    Time-saving    Publications    published 

exclusively  by  CASSELL  &  COMPANY.    (A  list  free  on  application^ 
Library  Year  Book,  1897.     A  Record  of  General  Library  Progress  and 

Work.     Edited  by  THOMAS  GREENWOOD.    With  ever  50  Special  En- 

gravings.     23.  6d. 
Loftus,  Lord  Augustus,  The  Diplomatic  Reminiscences  of.     First 

and  Second  Series.     Two  Vols.,  each  with  Portrait,  323.  each  Series. 
London,  Greater.     By  EDWARD  WALFORD.     Two  Vols.     With  about 

400  Illustrations,    gs.  each. 
London,     Old    and    New.       Six     Vols.,   each    containing    about    200 

Illustrations  and  Maps.     Cloth,  gs.  each. 

London,  The  Queen's.     With  nearly  4co  superb  Views,     gs. 
Manchester,  Old  and  New.     By  WILLIAM  ARTHUR  SHAW,  M.A.    With 

Original  Illustrations.     Three  Vols.,  318.  6d. 

Medicine,  Manuals  for  Students  of.    (A  List  forwarded  fiost  free.} 
Mesdag,   H.  W.,   the  Painter  of  the  North   Sea.     With  Etchings 

and  Descriptive  Text.     By  PH.  ZILCKEN.     The  Text  translated  from 

the  Dutch  by  CLARA  BELL.    363. 
Modern    Europe,    A    History   of.     By  C.   A.   FYFFE,   M.A.     Cheap 

Edition  in  One  Volume,  IDS.  6d.   Library  Edition.  Illustrated.   3  Vols., 

7s.  6d.  each. 
Music,  Illustrated  History  of.     By  EMIL  NAUMANN.      Edited  by  the 

Rev.  Sir  F.  A.  GORE  OUSELEY,  Bart.     Illustrated.   Two  Vols.  313. 6d. 
National  Library,  Cassell's.   In  214  Volumes.     Paper  covers,  3d. ;  cloth, 

6d.    (A.  Complete  Litt  of  the  Volumtt  fictt  fru  on  application.) 


Selections  from  Cassell  $  Company's  Publications. 


for  J)0un0 


The    Surprising    Adventures   of  Tuppy   and    Tue.      By  MAGGIE 

BROWNE.     With  Four  Coloured  Plates  and  other  Illustrations.    33.  6d. 
Micky     Magee's     Menagerie  ;     or,    Strange    Animals  and    their 

Doings.     By  S.  H.  HAMER.     With  Eight  Coloured  Plates  and  other 

Illustrations  by  HARRY  NEILSON.      is.  6d. 
The  "Victoria"  Painting  Book  for  Little  Folks.     With  about  300 

Illustrations,     is. 

"Little  Folks"  Half-  Yearly  Volume.  Containing  480  pages,  with 
Six  Full-page  Coloured  Plates,  and  numerous  other  Pictures  printed  in 
Colour.  Picture  Boards,  35.  6d.  ;  cloth  gilt,  gilt  edges,  53.  each. 

Bo-  Peep.  A  Book  for  the  Little  Ones.  With  Original  Stones  and  Verses. 
Illustrated  with  Full-page  Coloured  Plates,  and  numerous  Pictures 
in  Colour.  Yearly  Volume.  Picture  Boards,  2s.6d.  ;  cloth,  33.  6d. 

Beneath  the  Banner.  Being  Narratives  of  Noble  Lives  and  Brave 
Deeds.  By  F.  J.  CROSS.  Illustrated.  Limp  cloth,  is.  Cloth  gilt,  as. 

Good  Morning  !  Good  Night  !  By  F.  J.  CROSS.  Illustrated.  Limp 
cloth,  is.,  or  cloth  boards,  gilt  lettered,  as. 

Five  Stars  in  a  Little  Pool.  By  EDITH  CARKINGTON.  Illustrated.  33.  6d. 
Merry  Girls  of  England.     By  L.  T.  MEADE.    33.  6d. 
Beyond  the  Blue  Mountains.     By  L.  T.  MEADE.    53. 
The  Peep  of  Day.    CasselFs  Illustrated  Edition.    as.  6d. 

A  Book  of  Merry  Tales.  By  MAGGIE  BROWNE,  "SHEILA,"  ISABEL 
WILSON,  and  C.  L.  MATEAUX.  Illustrated.  33.  6d. 

A  Sunday  Story-Book.  By  MAGGIE  BROWNE,  SAM  BROWNE,  and  AUNT 
ETHEL.  Illustrated.  33.  6d. 

A  Bundle  of  Tales.  By  MAGGIE  BROWNE  (Author  of  "Wanted  —  a 
King,"  &c.),  SAM  BROWNE,  and  AUNT  ETHEL.  33.  6d. 

Pleasant  Work  for  Busy  Fingers.    By  MAGGIE  BROWNE.    Illustrated. 

Cheap  Edition.     28.  6d. 

Cassell's  Pictorial  Scrap  Book.     In  Six  Books,  6d.  each. 
Magic  at  Home.    By  Prof.  HOFFMAN.     Illustrated.    Cloth  gilt,  33.  6d. 
Little  Mother  Bunch.  By  Mrs.  MOLESWORTH.     Hid.    as.  6d. 
Heroes  of  Every-day  Life.    By  LAURA  LANE.     Illustrated.     25.  6d. 
Books  for  Young  People.     Illustrated.    33.  6d.  each. 


The  Champion     of  Odin ;     or,        *A  Sweet  Girl  Graduate.    By  L.  T. 
Viking  Life  in  the  Days  of  Meade. 

)ld.    By  J.  Fred.  Hodgetts._  The  King's    Command :     A  Story 

for  Girls.    By  Maggie  Symington. 


Old.    "By  J.  Fred.  Hodgetts. 
Bound  jb2r^a._L8p.eU^  or>   Th? 


Hunted  Witch  of  the  Forest; 
By  the  Hon.  Mrs.  Greene. 
Under    Bayard's    Banner.     By 

Henry  Frith. 
Told  Out   of  School.    By  A.  J. 

Daniels. 
•Red  Rose  and  Tiger  Lily.    By 

L  T.  Meade. 
The  Romance  of  Invention.    By 

Tames  Burnley. 
*Basliful     Fifteen.      By     L,     T. 

Meade. 
*The  White  House  at  Inch  G-ow. 


. 

*The  Palace  Beautiful.      By   L.  T. 

Meade. 
*  Polly :  A  New-Fashioned  Girl.  By 

L.  T.  Meade. 
"Follow  My   Leader."     By  Talbot 

Baines  Reed. 
•A  World  of   Girls:    The  Story  of 

a  School.    By  L.  T.  Meade. 
Lost    among  White   Africans.    By 

David  KeF. 
For  Fortune  and  Glory:  AStory  of 

the  Soudan  War.  By  Lewis  H 
Bob  Lovell's  Career.    By  Ed' 


By  Mrs.  Pitt. 

•Alte  procurablt  in  superior  binding,  69.  tach. 


Hough, 
ward  S. 


Selections  from  Cassell  $  Company's  Publications. 


Peeps  Abroad"  Library.     Che 
Rambles  Round  London.    By  C. 

L.  Mateaux.    Illustrated. 
Around  and  About  Old  England. 

By  C.  L.  Mateaux.    Illustrated. 
Paws  and  Claws.    By  one  of  the 

Authors  of  "  Poems  written  for  a 

Child."    Illustrated. 
Decisive    Events    in   History. 

By  Thomas  Archer.  With  Original 

Illustrations. 
The  True    Robinson    Crusoes. 

Cloth  gilt 


'a.p  Editions.     Gilt  edges,  as.  6d.  each. 
Peeps  Abroad  for  Polks  at  Home. 

Illustrated  throughout. 
Wild  Adventures  in  Wild  Places. 

By  Dr.  Gordon  Stables.  R.N.    Illus- 
trated. 
Modern    Explorers.        By     Thomas 

Frost.    Illustrated.  New  and  Cheaper 

Edition. 

Early  Explorers.    By  Thomas  Frost. 
Home  Chat  with  our  Young  Folks. 

Illustrated  throughout. 
Jungle,  Peak,  and  Plain.    Illustrated 

throughout. 


The  "Cross  and  Crown"    Series.      Illustrated,     as.  6d.  each. 


Freedom's  Sword :  A  Story  of  the 

Days    of    Wallace    and     Bruce. 

By  Annie  S.  Swan. 
Strong  to  Suffer:    A    Story  of 

the  Jews.    By  E.  Wynne. 
Heroes  of  the  Indian  Empire; 

or,   Stories   of  Valour    and 

Victory.    By  Ernest  Foster. 
In  Letters  of  Flame :   A  Story 

of  the  Waldenses.     By  C.  L. 

Mateaux. 


Through    Trial   to    Triumph.      By 

Madeline  B.  Hunt. 
By  Fire  and  Sword:    A    Story  of 

the     Huguenots.       By     Thomas 

Archer. 
Adam  Hepburn's  Vow:    A  Tale  of 

Kirk  and  Covenant.     By  Annie 

S.  Swan. 
No.  XIII.;    or.  The  Story  of  the 

Lost   Vestal.       A    Tale    of  Early 

Christian  Days.     By  Emma  Marshall. 


"Golden  Mottoes"  Series,  The.    Each  Book  containing  208  pages,  with 
Four  full-page  Original  Illustrations.    Crown  8vo,  cloth  gilt,  2s.  each. 


"Nil    Desperandum."      By    the 
Rev.  F.  Langbridge.  M.A. 


"Bear  and  Forbear." 

Pitt. 
"Foremost  if  I  Can.' 

Atteridge. 


By  Sarah 
By  Helen 


"  Honour  is  my  Guide."     By  Jeanie 

Hering  (Mrs.  Adams- Acton). 
"Aim  at  a  Sure  End."     By  Emily 

Searchfield. 
"  He  Conquers  who  Endures."    By 

the  Author  of  "May  Cunningham's 

Trial,  "&c. 

"Wanted— a  King"  Series.      Illustrated,    as.  6d.  each. 
Great  Grandmamma.    By  Georgma  M.  Synge. 
Robin's  Ride.    By  Ellinor  Davenport  Adams. 
Wanted— a  Kins? ;  or,  How  Merle  set  the  Nursery  Rhymes  to  Rights. 

By  Maggie  Browne. 
Fairy  Tales  in  Other  Lands.    By  Julia  Goddard. 

Cassell's  Picture  Story  Books.     Each  containing  about  Sixty  Pages  of 
Pictures  and  Stories,  &c.     6d.  each. 


Little  Talks. 
Bright  Stars. 
Nursery  Toys. 
Pet's  Posy. 
Tiny  Tales. 


Daisy's  Story  Book. 
Dot's  Story  Book. 
A  Nest  of  Stories. 


Good-Night  Stories 
Chats  for  Small  Chai 


11  Chatterers. 


Auntie's  Stories. 
Birdie's  Story  Book. 
Little  Chimes. 
A  Sheaf  of  Tales. 
Dewdrop  Stories. 


Illustrated  Books  for  the  Little  Ones. 
All  Illustrated,     gd.  each. 


Containing  interesting  Stories. 


Bright  Tales  &  Funny  Pictures. 

Merry  Little  Tales. 

Little  Tales  for  Little  People. 

Little  People  and  Their  Pets. 

Tales  Told  for  Sunday. 

Sunday  Stories  for  Small  People. 

Stories  and  Pictures  for  Sunday. 

Bible  Pictures  for  Boys  and  Girls. 

Firelight  Stori-s. 

Sunlight  and  Shade. 

Rub-a-Dub  Tales. 

Fine  Feathers  and  Fluffy  Fur. 

Scrambles  and  Scrapes. 

Tittle  Tattle  Tales. 


Up  and  Down  the  Garden. 

All  Sorts  of  Adventures. 

Our  Sunday  Stories. 

Our  Holiday  Hours. 

Indoors  and  Out. 

Some  Farm  Friends. 

Wandering  Ways. 

Dumb  Friends. 

Those  Golden  Sands. 

Little  Mothers  &  their  Children. 

Our  Pretty  Pete. 

Our  Sohoolday  Hours. 

Creatures  Tame. 

Creatures  Wild. 


Selections  from  Cassell  $  Company's  Publications. 


Cassell's  Shilling  Story  Books.  All  Illustrated,  and  containing  Interest- 


ing Stories. 
Bunty  and  the  Boys: 
The  Heir  of  Elmdale. 
Claimed  at  Last,  &  Roy's  Reward. 
Thorns  and  Tangles. 
The  Cuckoo  in  the  Robin's  Nest. 
John's  Mistake.  [Pitchers. 

The   History  of  Five   Little 
Diamonds  in  the  Sand. 
Surly  Hob. 


The  Giant's  Cradle. 
Shag  and  Doll. 
The  Magic  Mirror. 
The  Cost  of  Revenge. 
Clever  Frank. 
Among  the  Redskins. 
The  Ferryman  of  Brill. 
Harry  Maxwell. 
Seventeen  Cats. 


The    World's    Workers.      A  Series   of  New  and  Original   Volumes. 
With  Portraits  printed  on  a  tint  as  Frontispiece,     is.  each. 


John  Cassell.    By  G.  Holden  Pike. 
Charles  Haddon  Spurgeon.     By 

G.  Holden  Pike. 
Dr.  Arnold  of  Rugby.     By  Rose 

E.  Selfe. 
The  Earl  of  Shaftesbury.     By 

Henry  Frith. 
Sarah  Kobinson,    Agnes  Wes- 

ton,  and  Mrs.  Meredith.    By 

E.  M.  Tomkinson. 

Thomas  A.  Edison  and  Samuel 

F.  B.  Morse.     By  Dr.  Denslow 
and  J.  Marsh  Parker. 

Mrs.  Somerville  and  Mary  Car- 
penter. By  Phyllis  Browne. 

General  Gordon.  By  the  Rev. 
S.  A.Swaine. 

Charles  Dickens.  By  his  Eldest 
Daughter. 

Sir  Titus   Salt  and  George 


Florence  Nightingale,  Catherine 
Marsh,  Frances  Ridley  Haver- 
gal,  Mrs.  Ranyard  ("L.  N.  R."). 
By  Lizzie  Alldridge. 

Dr.  Guthrie,  Father  Mathew, 
Elihu  Burritt,  George  Livesey. 
By  John  AV.  Kirton,  LL.D. 

Sir  Henry  Havelock  and  Colin 
Campbell,  Lord  Clyde.  By  E.  C. 
Phillips. 

Abraham  Lincoln.    By  Ernest  Foster. 

George  Miiller  and  Andrew  Reed. 
By  E.  R.  Pitman. 

Richard  Cobden.    By  R.  Cowing1. 

Benjamin  Franklin.  By  E.  M. 
Tomkinson. 

Handel.    By  Eliza  Clarke.          [Swaine. 

Turner  the  Artist.    By  the  Rev.  S.  A. 

George  and  Robert  Stephenson. 
By  C.  L.  Mat6aux. 

David  Livingstone.  By  Robert  Smiles. 


!oore.    ByJ.  Burnley. 
•»»  The  abovi  Works  can  also  be  had  Three  in  One  Vol.,  doth,  gilt  edges,  y. 

Library    of  Wonders.    Illustrated  Gift-books    for    Boys.     Paper,    is.; 

cloth,  is.  6d. 

Wonderful  Balloon  Ascents.         |         Wonders  of  Animal  Instinct. 
Wonders    of   Bodily   Strength  and  Skill. 

Cassell's  Eighteenpenny  Story  Books.    Illustrated. 

Wee  Willie  Winkie. 

Ups  and  Downs  of  a  Donkey's 

Life. 

Three  Wee  Ulster  Lassies. 
Up  the  Ladder. 

Dick's  Hero ;  and  other  Stories. 
The  Chip  Boy. 
Raggles,     Baggies,     and     the 

Emperor. 
Roses  from  Thorns. 


Faith's  Father. 

By  Land  and  Sea. 

The  Young  BerringtonB. 

Jeff  and  Leff. 

Tom  Morris's  Error. 

"  Through  Flood— Through  Fire  "  • 

and  other  Stories. 
The  Girl  with  the  Golden  Looks. 
Stories  of  the  Olden  Time. 


Gift    Books    for    Young  People. 

Original  Illustrations  in  each. 
The  Boy  Hunters  of  Kentucky. 

By  Edward  S.Ellis. 
Red  Feather:    a    Tale   of    the 

American     Frontier.         By 

Edward  S.  Ellis. 
Seeking  a  City. 
Rhoda's    Reward;    or.    "If 

Wishes  were  Horses.1' 
Jack  Marston's  Anchor. 
Frank's    Life-Battle;    or.    The 

Three  Friends. 
Fritters.    By  Sarah  Pitt 
The  Two  Hardcastles.    By  Made- 
line Bonavia  Hunt. 


By  Popular  Authors.      With  Four 
Cloth  gilt,  is.  6d.  each. 

Major  Monk's  Motto.      By  the  Rev. 

F.  Langbridge. 

Trixy.     By  Maggie  Symington. 
Uncle  William's  Charges;   or,  The 

Broken  Trust. 
Pretty  Pink's   Purpose;    or,    The 

Little  Street  Merchants. 

Tim   Thomson's    Trial.     By  George 

Weatherly. 
Ursula's  Stumbling-Block.    By  Julia 


Goddard. 
Ruth's   Life-Work. 

Joseph  Johnson, 


By  the  Rer. 


Selections  from  Cassell  $  Company's  Publications. 


Cassell's  Two-Shilling  Story  Books.    Illustrated. 


Margaret's  Enemy. 
Stories  of  the  Tower. 
Mr.  Burke's  Nieces. 
May  Cunningham's  Trial. 
The  Top  of  the  Ladder :  How  to 

Reach  It. 
Little  Flotsam. 
Madge  and  Her  Friends. 
The  Children  of  the  Court. 
Maid  Marjory. 


Peggy,  and  other  Tales. 

The  Four  Cats  of  the  Tippertons. 

Marion's  Two  Homes. 

Little  Folks'  Sunday  Book.. 

Two  Fourpenny  Bits. 

Poor  Nelly. 

Tom  Heriot. 

Through  Peril  to  Fortune. 

Aunt  Tabitha'e  Waifs. 

In  Mischief  Again. 


Books  by  Edward  S.  Ellis.     Illustrated.     Cloth,  as.  6d.  each. 

The  Last  War  Trail. 
Footprints  in  the  Forest. 
Up  the  Tapajos. 
Ned   in   the    Block  House.    A 
Story  of  Pioneer  Life  in  Kentucky. 
The  Lost  TraiL 
Camp-Fire  and  Wigwam. 
Lost  in  the  Wilds. 
Lost  in  Samoa.    A  Tale  of  Adven- 
ture in  the  Navigator  Islands. 
Tad;  or,  "  (Jetting  Even  "  with 


Pontiao,  Chief  of  the  Ottawas. 
In  the  Days  of  the  Pioneers. 
Shod  with  Silence. 
The  Phantom  of  the  River. 
The  Great  Cattle  Trail. 
The  Path  in  the  Ravine. 
The  Young  Ranchers. 
The  Hunters  of  the  Ozark 
The  Camp  in  the  Mountains. 
Ned  in  the  Woods.  A   Tale  of 

Early  Days  in  the  West. 
Down  the  Mississippi. 
Ned  on  the  River.  A  Tale  of 

Indiin  River  Warfare. 


The   "World  in   Pictures.1 
is.  6d.  each. 

A  Ramble  Round  France. 
All  the  Russian. 
Chats  about  Germany. 
The  Eastern  Wonderland 
(Japan). 


Illustrated  throughout    Cheap  Edition. 


Glimpses  of  South  America. 
Round  Africa. 

The  Land  of  Temples  (India). 
The  Isles  of  the  Pacific. 
Peeps  into  China. 


The  Land  of  Pyramids  (Egypt). 


Half-Crown  Story  Books. 

In  Quest  of  Gold;   or,   Under 

the  Whanga  Falls. 
On   Board   the  Esmeralda;    or, 

Martin  Leigh's  Log. 
The  Cost  of  a  Mistake. 
For  Queen  and  King. 
Esther  West. 


Brigands 


Working  to  Win. 

Perils    Afloat    and 
Ashore. 

Pictures  of  School  Life  and  Boy- 
hood. 

At  the  South  Pole. 

Ships,  Sailors,  and  the  Sea. 


Books   for  the  Little  Ones.     Fully  Illustrated. 


Rhymes  for  the  Young  Folk. 

By  William  Allingham.  Beautifully 

Illustrated.    Is.  6d. 
Cassell's      Robinson      Crusoe. 

With    TOO    Illustrations.      Cloth, 

3s.  6d;  gilt  edges,  Cs. 


Cassell's  Swiss  Family  Robinson. 

Illustrated.      Cloth,    8s.  6d. ;      gilt 

edges,  6s. 
The    Sunday    Scrap    Book.     With 

Several  Hundred  Illustrations.   Paper 

boards,  8s.  6d. ;  cloth,  gilt  edges,  6s. 


The  Old  Fairy  Tales.    With  Original  Illustrations.    Cloth,  Is. 
Albums  for  Children.      33.  6d.  each. 


The  Album  for  Home,  School, 
and  Play.  Containing  Stories  by 
Popular  Authors.  Illustrated. 

My  Own  Album  of  Animals- 
With  Full-page  Illustrations. 


Picture  Album  of  All  Sorts.  With 
Full-page  Illustrations. 

The  Chit-Chat  Album.  Illustrated 
throughout 

Cassell  &  Company's  Complete  Catalogue  wilt  be  sent  post 
free  on  application  to 

CASSELL  &  COMPANY,   LIMITED,  Ludgate  Hill,  London. 
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